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PREFACE

Molecularly imprinted polymers (MIP) are highly crosslinked materials
polymerized in the presence of a template molecule to form specific binding sites tailored
for the template. These sites are complementary in size, shape and functionality to the
template molecule, providing tailor-made receptors that can bind the desired molecular
target with a high affinity and selectivity. The advantages of MIPs over their biological
counterparts such as antibodies and enzymes are that they are easy to produce, process,
are less costly, and are more stable. Furthermore, the MIP can be made to selectively
bind to target molecules for which natural receptors do not exist or hard to obtain.
Consequently, these advantages of the MIPs have attracted many scientists to this field
who have demonstrated many useful applications for MIPs. The large body of literature
on MIPs has also captured the interest of industry in the area of separation science,
catalysis, immunoassays and sensors. Despite of the advantages of using MIP
technology, a poor understanding of general rules to predict and control binding
performance of the MIPs makes rational designs of the materials difficult and prevents
their practical applications. Thus, it is clear that a great deal of fundamental research
toward understanding the mechanism of how imprinted sites are formed is necessary to
achieve predictable binding performance of the MIPs in intended applications.
The research presented in this dissertation addresses our efforts toward
understanding mechanism of imprinting in MIPs in order to improve the predictability of
binding performance by MIPs. The first contribution was to develop a mathematical
model of binding site structure and formation to better understand the underlying
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mechanism of the binding site formation by non-covalent imprinting process (Chapter 2).
The results from the studies provide evidence that the number of functional groups in the
polymer binding site is determined during polymerization and not as a direct result from
the solution phase complex, which has been the common assumption used to improve or
predict binding performance of the MIPs. Thus the new model provides new insight into
the binding site formation in the MIPs, which can facilitate predictability of binding in
future MIP designs. The second contribution to the predictability of MIPs focused on
understanding how solvent conditions affect rebinding to MIPs (Chapter 3). Expanded
studies on the solvent effects show that the structural changes of the binding sites are
responsible for the solvent specific enantioselectivity of the MIPs in different solvent.
This understanding of the solvent effects affords rational choice of a solvent without
time- consuming trials-and-errors in the optimization process of the MIPs. The third
contribution to the predictability of MIPs was the development of multifunctional
monomer system (Chapter 4). MIPs can also benefit from employing several different
functional groups that can act cooperatively to obtain binding, selectivity, or catalysis in
the same way enzymes and antibodies are known to do. However, the challenge for
using several different functional groups is to limit nonproductive interactions between
the functional monomers, which will interfere with the desired template complex. In this
research, we developed an orthogonal binary functional group system that acts in concert
in MIPs to bind a template without forming random complexes that do not contribute to
the specific molecular imprinting process. In addition to improving MIP technology, the
mathematical understanding of affinity distributions used to analyze heterogeneous
binding sites of the MIPs motivated us to apply the method to combinatorial library

v

mixtures (Chapter 5). The results from this study show that affinity distribution analysis
on the library mixtures can be used to qualitatively evaluate binding properties of the
components in the library mixtures. The affinity distribution method provides rapid and
cost effective means to screen the library mixtures for binding affinities without
analyzing each component in the mixtures.

vi

TABLE OF CONTENTS
DEDICATION.................................................................................................................... ii
ACKNOWLEDGMENTS ................................................................................................. iii
PREFACE .......................................................................................................................... iv
LIST OF TABLES...............................................................................................................x
LIST OF FIGURES .......................................................................................................... xii
LIST OF SCHEMES........................................................................................................ xvi
LIST OF ABRREVIATIONS......................................................................................... xvii
ABSTRACT.......................................................................................................................xx
CHAPTER 1. INTRODUCTION TO ISOTHERMS AND AFFINITY
DISTRIBUTION FOR NON-COVALENTLY IMPRINTED
POLYMERS ................................................................................................1
1.1 Concept and Characteristic of Non-Covalently Imprinted Polymers ......................1
1.2 Characterization of Binding Sites ............................................................................3
1.2.1 Batch Rebinding...........................................................................................3
1.2.2 Binding Isotherms and Affinity Distribution...............................................6
A. Freundlich Isotherm and Affinity Distribution .................................10
B. Langmuir-Freundlich Isotherm and Affinity Distribution ................15
1.3 References..............................................................................................................19
CHAPTER 2. NEW INSIGHT INTO BINDING SITE FORMATION IN
NON-COVALENTLY IMPRINTINED POLYMERS .............................21
2.1 Introduction............................................................................................................21
2.2 Results and Discussion ..........................................................................................23
2.2.1 Stoichiometry of Template-Monomer Complexes ....................................23
A. Job’s Plot.............................................................................................24
B. 1H NMR Titrations ..............................................................................26
2.2.2 Batch Rebinding Studies............................................................................27
A. Polymer Imprinting .............................................................................27
B. Optimization of Experimental Conditions ..........................................29
C. Binding Isotherms ...............................................................................34
D. Affinity Distributions Analysis...........................................................37
2.2.3 Absence of Morphological Effects ............................................................52
A. Chemical Composition.........................................................................52
B. Morphology..........................................................................................54

vii

2.2.4 Chromatographic Results...........................................................................55
2.3 Conclusions.............................................................................................................57
2.4 Future Work ............................................................................................................59
2.5 Experimental ...........................................................................................................59
2.6 References...............................................................................................................65
CHAPTER 3. SOLVENT EFFECTS IN MOLECULARLY IMPRINTED
POLYMERS ..............................................................................................67
3.1 Introduction............................................................................................................67
3.2 Results and Discussion ..........................................................................................68
3.2.1 Solvent Specific Behavior of the Imprinted Polymers ...............................68
3.2.2 Absence of Surface Area and Macroscopic Swelling Effect ......................69
3.2.3 Effect of the Solvation of the Polymer Chains ...........................................72
3.2.4 Absence of the Influence of the Chemical Properties of
the Solvents.................................................................................................79
3.2.5 Benesi-Hildebrand Analysis .......................................................................85
3.3 Conclusions.............................................................................................................88
3.4 Future Work ............................................................................................................90
3.5 Experimental ...........................................................................................................90
3.6 References...............................................................................................................93
CHAPTER 4. AN ORTHOGONAL APPROACH TO MULTIFUNCTIONAL
NON-COVALENTLY IMPRINTED POLYMERS .................................95
4.1 Introduction.............................................................................................................95
4.2 Results and Discussion ..........................................................................................97
4.2.1 Imprinted Polymers with Crown Ether Functionality for
a Primary Ammonium Group ....................................................................97
4.2.2 Imprinted Polymers Using Orthogonal MultiFunctional
Monomer System .......................................................................................99
4.3 Conclusions...........................................................................................................107
4.4 Experimental .........................................................................................................108
4.5 References.............................................................................................................111
CHAPTER 5. AFFINITY DISTRIBUTION ANALYSIS AS A METHOD
TO SCREEN LIGAND-BINDING COMBINATORIAL
LIBRARY MIXTURES ON SOLID PHASE .........................................113
5.1 Introduction..........................................................................................................113
5.2 Results and Discussion ........................................................................................117
5.2.1 Optimization of Experimental Conditions ...............................................117
5.2.2 Batch Rebinding Studies..........................................................................120
A. Binding Isotherms and Affinity Distribution ..................................120
B. Number Average Association Constants.........................................125
C. Heterogeneity Index ........................................................................128
5.3 Conclusions and Future Work .............................................................................129
5.4 Experimental ........................................................................................................131
5.5 References............................................................................................................133

viii

APPENDIXE A. BINDING PERFORMANCE OF POLYMERS IMPRINTED
WITH 1,2-DIAMINES ........................................................................135
APPENDIXE B. SUPPLEMENTARY DATA FOR CHAPTERS ................................151
APPENDIXE C. 1H NMR and 13C NMR SPECTRA FOR COMPOUNDS..................159
APPENDIXE D. LETTER OF PERMISSION...............................................................162
VITA ................................................................................................................................164

ix

LIST OF TABLES
Table 2.1

Polymer compositions ...............................................................................29

Table 2.2

The values of the amount of bound substrate per gram
of the polymer (Sb) on 10% (S)-CPA and (S)-nicotine MIPs
calculated for specified interval of time.....................................................35

Table 2.3

Dielectric constants for representative compounds ...................................51

Table 2.4

FT-IR Analysis of different (S)-CNA imprinted polymers .......................54

Table 3.1

Formula compositions for the imprinted polymers
synthesized in this study ............................................................................69

Table 3.2

Influence of mobile phase on the enantiomer separation
of the (S)-CNA imprinted polymers using different porogens ..................70

Table 3.3

Swelling of the imprinted polymers...........................................................71

Table 3.4

Classification of the solvating ability of the porogens
according to the polymer-solvent vector (d0) in a three
dimensional δd, δp, and δh space ..................................................................77

Table 4.1

Chromatographic conditions, capacity factors (k'), and
imprinting effect (I) for (L) or (D)-MBA on columns
packed with (L)-MBA⋅NO3 imprinted polymers and
the non-imprinted polymers.......................................................................99

Table 4.2

Polymer compositions..............................................................................101

Table 4.3

Capacity factors (k') and separation factors (α) for (L) or
(D)-phe⋅BF4 substrates obtained from the indicated polymer
HPLC stationary phases...........................................................................102

Table 4.4

NMR titration of 2-VPY (or 2-DEMA) with 18C6-MA
in CDCl3 ...................................................................................................105

Table 4.5

NMR titration data for18C6-MA/2-VPY and
18C6-MA/2-DEMA in the presence of (L)-phe⋅BF4
in CDCl3 ...................................................................................................106

Table 4.6

NMR titration of 2-VPY (or 2-DEMA) with MAA
in CDCl3 ...................................................................................................107

x

Table 5.1

Freundlich parameters and correlation factors for the
nineteen individual polymers and the mixtures of the
corresponding polymers...........................................................................122

Table 5.2

Freundlich parameters and correlation factors for the
nineteen individual polymers and the mixtures of the
polymers, obtained by fitting the sub-saturation range
of each binding isotherm to the Freundlich equation...............................124

Table 5.3

The number average association constants (Kn) for the
individual components, the average Kn values of the
components in each mixture and Kn estimated from
each mixture.............................................................................................126

Table 5.4

Comparison of Kn of different mixtures which have
corresponding components with different range of Kn ............................128

xi

LIST OF FIGURES
Figure 1.1

Example of a binding isotherm (i.e., Sb versus Cf) established
by batch rebinding experiments ...................................................................5

Figure 1.2

Affinity distribution generated by equation 1.5 in (a) N vs. ln K
and (b) ln N vs. ln K format.......................................................................12

Figure 1.3

Affinity distributions generated by changing the value of (a) A,
(b) ν, and (c) both A and ν of Freundlich parameters ...............................14

Figure 1.4

Langmuir-Freundlich binding isotherm (solid line) and
Freundlich binding isotherm (dotted line) .................................................17

Figure 1.5

The affinity spectrum generated from the Langmuir-Freundlich
binding model ............................................................................................18

Figure 2.1

Job’s plots for the association between MAA and (a) (S)-CPA
substrates in CDCl3 at the combined concentration of MAA
and (S)-CPA substrates 20mM(z), 40mM(), and 60mM({)
(b) (S)-CNA substrates in CDCl3 at the combined concentration
of MAA and (S)-CNA substrates 30mM (c) (S)-nicotine
substrates in CDCl3 at the combined concentration of MAA
and (S)-nicotine substrates 40mM(z), 80mM(),and 160mM({) .........26

Figure 2.2

Eadie-Hoffstee plots for (a) (S)-CPA, (b) (S)-CNA, and (c)
(S)-nicotine. Chemical shift changes of the protons (δobs- δT)
on each template are plotted as a function of (δobs- δT) per
MAA concentrations (mM)........................................................................28

Figure 2.3

(a) The amount of bound (S)-CPA (Cb) and (b) the amount of bound
(S)-CPA per gram of the polymers (Sb) versus percent template
for a series of (S)-CPA imprinted polymers for 0.02g(z),
0.05g(), and 0.1g(S) of the polymers used in batch rebinding ............31

Figure 2.4

The binding isotherm of 0%(z), 5%(), and 10%(S)
(S)-CPA imprinted polymers using (a) 0.02 g and (b) 0.05 g
of the polymers in batch rebinding ............................................................32

Figure 2.5

Binding isotherms of (S)-CNA (z) for non-imprinted polymers
and binding isotherms of (S)-CNA () and (R)-CNA (S)
for 5% (S)-CNA imprinted polymers when the rebinding
medium was (a) MeCN and (b) 95/5 MeCN/AcOH..................................34

xii

Figure 2.6

Binding isotherms for (a) Region I, (S)-CPA MIPs with
0%(
), 1%(
), 2%(
), 5%(
), and
10%(
) and binding isotherms for (b) Region II
(S)-CPA MIPs with 10%(
),20%(
), 50%(
),
and 100%(
) in log-log format. The symbols represent
experimental data while the solid lines are their fits
calculated by Freundlich equation. Binding isotherms
for (S)-CNA and (S)-nicotine can be found in Appendix B ......................36

Figure 2.7

Affinity distributions for (a) Region I, (S)-CPA MIPs, with
0%(z), 1%(), 2%(▲), 5%({), and 10%( ) and Affinity
distributions for (b) Region II (S)-CPA MIPss with 10%(z),
20%(), 50%({), and 100%( ) in log-log format. Values
for K was approximated by choosing experimentally
determined values of free concentration of S-substrate
(Cf = 1/K). Values for N were then calculated for each value
of K using equation 2.6. Affinity distributions for (S)-CNA
and (S)-nicotine MIPs can be found in Appendix B..................................41

Figure 2.8

The values of number of binding sites (N) versus varied
percent template for (a) (S)-CPA, (b) (S)-CNA and (c)
(S)-nicotine MIPs. Values for N were calculated using
equation 2.6 and the range of association constants used to
calculate the values for N was 20-500M-1, 300-10,000 M-1,
and 100-10,000 M-1 for (S)-CPA, (S)-CNA, and (S)-nicotine
MIPs, respectively......................................................................................43

Figure 2.9

Theoretical behavior predicted for the graph of N versus
percent template as template is increased for a model that
has only one interaction between functional monomer
and template ...............................................................................................46

Figure 2.10

Affinity distributions generated by changing (a) vertical
position and (b) slope from the straight line to the broken line .................47

Figure 2.11

The values of the number average association constant
(Kn) for (a) (S)-CPA, (b) (S)-CNA, and (c) (S)-nicotine MIPs.
Values for Kn were calculated using equation 2.21and the range
of association constants used to calculate the values for Kn
was 20-500M-1, 300-10,000 M-1, and 100-10,000 M-1 for
(S)-CPA, (S)-CNA, and (S)-nicotine MIPs, respectively ..........................49

Figure 2.12

FT-IR spectra of polymers with (a) 0%, (b) 1%, (c) 10%,
(d) 100% template. The arrow at 950 cm-1 indicates the
C-H stretch of the glycol unit of EGDMA, and the arrow
at the broad band around 3440 cm-1 indicates the O-H stretch

xiii

of the carboxylate group of MAA. The arrow at 1639 cm-1
indicates the vinyl C-H bending, which is a measure of the
unreacted double bonds of EGDMA..........................................................53
Figure 2.13

Graphs of (a) surface area (m2/g) and (b) pore volume (ml/g)
versus percent template for (S)-CPA MIPs (similar data for
the MIPs to (S)-CNA and (S)-nicotine can be found in
Appendix B)...............................................................................................55

Figure 2.14

Capacity factors (k') of (S)-substrates (
) and (R)-substrates
(
) for a series of polymers imprinted with (a) (S)-CPA,
(b) (S)-CNA, and (c) (S)-nicotine as a template ........................................57

Figure 2.15

Selectivity (α) for a series of polymers imprinted with (a) (S)-CPA,
(b) (S)-CNA, and (c) (S)-nicotine as a template ........................................58

Figure 3.1

Plots of the enantioselectivity (α) of the (S)-CNA imprinted
polymers made using (a) MeCN, (b) Toluene, (c) CHCl3, and
(d) CH2Cl2 as a porogen versus the swelling .............................................73

Figure 3.2

Plots of the enantioselectivity (α) of the (S)-CNA imprinted
polymers made using (a) MeCN, (b) Toluene, (c) CHCl3, and
(d) CH2Cl2 as a porogen versus the absolute difference in the one
dimensional Hildebrand solubility parameters between the polymers
and the porogen (δ1-δ2) .........................................................................76

Figure 3.3

Plots of the enantiomer separation (α) of the (S)-CNA imprinted
polymers made using (a) MeCN, (b) Toluene, (c) CHCl3, and
(d) CH2Cl2 as a porogen versus the differential solvation parameter
(|d0,P-d0,S|) ...................................................................................................78

Figure 3.4

The plots of the capacity factors of (S)-CNA versus HBD
parameters of the solvents for the (S)-CNA imprinted
polymers made in (a) MeCN, (b) Toluene, (c) CHCl3,
and (d) CH2Cl2 ...........................................................................................80

Figure 3.5

The plots of the enantiomer separation of the (S)-CNA
imprinted polymers made in (a) MeCN, (b) Toluene,
(c) CHCl3, and (d) CH2Cl2 versus HBD parameters
of the solvents ............................................................................................82

Figure 3.6

The plots of the capacity factors of (S)-CNA for
the (S)-CNA imprinted polymers made in (a) MeCN,
(b) Toluene, (c) CHCl3, and (d) CH2Cl2 versus polarity
parameters (ET(30)) of the solvents ...........................................................83

xiv

Figure 3.7

The plots of the enantiomer separation of the (S)-CNA
imprinted polymers made in (a) MeCN, (b) Toluene,
(c) CHCl3, and (d) CH2Cl2 versus polarity parameters
of the solvents (ET(30))..............................................................................84

Figure 3.8

The Benesi-Hildebrand plot of the binding isotherm
of (S)-CNA in CHCl3 (z) and in Toluene () for the
polymers imprinted in CHCl3. The dots are experimental
points, and the solid lines are the linear regression fits
with equation 3.1........................................................................................86

Figure 3.9

The Benesi-Hildebrand plots of (S)-CNA (z) and
(R)-CAN () in (a) MeCN, (b) Toluene, (c) CHCl3,
and (d) CH2Cl2 for the imprinted polymers made using
CHCl3 as a porogen ....................................................................................87

Figure 3.10

The Benesi-Hildebrand plots of (S)-CNA (z) and
(R)-CNA () in (a) MeCN, (b) Toluene, (c) CHCl3,
and (d) CH2Cl2 for the imprinted polymers made using
MeCN as a porogen....................................................................................89

Figure 5.1

Biding isotherms of (L)-boc-phe for (a) Lys-MR in MeCN (z)
and EtOAc (); (b) Ala-MR in EtOAc (z) and
4/1 cyclohexane/EtOAc () ....................................................................118

Figure 5.2

Binding isotherms of (L)-boc-phe for Arg-MR (z) and
Ala-MR () using (a) 0.01g and (b) 0.02g of the polymers ...................119

Figure 5.3

Binding isotherm of (L)-boc-phe for Val-MR in the
concentration range of (a) the sub-saturation and the saturation,
and (b) the sub-saturation part of the binding isotherm...........................123

Figure 5.4

(a) Binding isotherms and (b) affinity distributions of (L)-boc-phe
for Mix 1(z), Mix 2(), and Mix 3(S) in log-log formats ...................125

Figure 5.5

The heterogeneity index (ν) of the mixture and association constants
of the components for (a) Mix 1, (b) Mix 2, and (c) Mix 3. The solid
line in each graph shows the corresponding affinity distribution of
each mixture in a log-log format..............................................................130

xv

LIST OF SCHEMES
Scheme 1.1

Conceptualization of the molecular imprinting process by
the non-covalent approach ...........................................................................1

Scheme 1.2

Procedure for the batch rebinding................................................................4

Scheme 2.1

Relationship between solution complexes and specific
binding sites made in the MIP ...................................................................22

Scheme 2.2

Postulated model relating complex structure with binding
site structure and the resulting quality of binding site
for nicotine imprinted polymers (adapted in part from ref. 2.4)................44

Scheme 2.3

Postulated model based on the previously proposed solution
model (ref 2.4) relating complex structure with binding site
structure and the resulting quality of binding site, for
(S)-CPA imprinted polymers where the complex has only
one interaction between functional monomer and template ......................45

Scheme 2.4

New model proposed to relate complex structure with
binding site structure and the resulting quality of binding
site for singly-functionalized templates such as (S)-CPA,
based on the data in figures 2.8 and 2.11...................................................52

Scheme 3.1

Solvation effects of the solvents on the binding site dimensions
in the rebinding analysis ............................................................................79

Scheme 4.1

Illustration of interaction of (L)-methylbenzyl ammonium
nitrate with 4’-benzo-18-crown-6 methyl-acrylamide...............................97

Scheme 4.2

Interactions of (L)-phenylalanine ammonium fluoroborate
with 4’-benzo-18-crown-6 methyl-acrylamide
and 2-vinylpyridine..................................................................................100

xvi

LIST OF ABBREVIATIONS
α

Separation Factor

AcOH

Acetic Acid

AD

Affinity Distribution

AIBN

Azoisobutyronitrile

avg

Average

BH

Benesi-Hildebrand

18C6-MA

4’-benzo-18-crown-6 methyl-acrylamide

CDCl3

Deuterated Chloroform

CD3OD

Deuterated Methanol

CD3CN

Deuterated Acetonitrile

CHCl3

Chloroform

CH2Cl2

Methylene Chloride

CPA

Cyclohexyl(phenylethyl)amine

CNA

Cyclohexyl(napthylethyl)amine

Cf

Free Concentration of a Substrate

Cb

Bound Concentration of a Substrate

CT

Total Concentration of a Substrate

d0

Polymer-Solvent Affinity

DCC

1,3-Dicyclohexylcarbodiimide

DCE

1,2-dichloroethane

2-DEMA

2-(dimethylamino) ethyl methacrylate

xvii

DMAP

4-Dimethylaminopyridine

DVB

Divinylbenzene

EGDMA

Ethylene glycol dimethacrylate

Et3N

Triethylamine

EtOAc

Ethylacetate

FI

Freundlich Isotherm

FT-IR

Fourier Transform Infrared

h

Hour

HBD

Hydrogen Bonding Donor Parameter

HPLC

High Performance Liquid Chromatography

IR

Infrared

k'

Capacity Factor

Kn

Number Average Association Constant

LF

Langmuir-Freundlich Isotherm

MAA

Methacrylic acid

MBA

Methylbenzylamine

MeCN

Acetonitrile

Min

minutes

MIP

Molecularly Imprinted Polymer

MR

Merrifield Resin

N

Number of Binding Sites

NMR

Nuclear Magnetic Resonance

phe

Phenylalanine

xviii

PPC

Pre-polymerization Complex

Sb

Amount of Bound Substrate per gram of a Polymer

tR

Retention Time

UV

Ultraviolet

VPY

Vinylpyridine

xix

ABSTRACT
Molecularly imprinted polymers (MIPs) are finding important applications in the
field of separation science, catalysis, sensors, and immunoassays. To optimize the
performance of the MIPs, it is essential to understand the underlying mechanism of the
process. This research focuses on understanding binding site formation and performance,
and improvement of the MIPs. Chapter 1 introduces the concept of the MIPs, and
binding isotherm and affinity distribution of heterogeneous binding sites in the MIPs.
Chapter 2 describes fundamental studies conducted to understand the binding site
formation of the MIPs. The number of binding sites (N) and the number average
association constant (Kn) were calculated for each different percent template imprinted
polymer using the continuous affinity distribution analysis (AD). The trends of N and Kn
for the polymer provided evidence that the final binding site of a molecularly imprinted
polymer does not necessarily reflect the solution phase structure, thus the pre-polymer
complex in solution is not "locked-in" as previously believed. Chapter 3 describes
studies done to understand solvent effects on the binding performance of the imprinted
polymers. Strong correlation between solvent-polymer interactions and
enantioselectivity, and the visual inspection of the Benesi-Hildebrand plots of the
enantiomers provided evidences that the solvent effects in MIPs are due to structural
changes in the binding site, such as geometrical distortion of the binding cavity and
proximity of the functional groups. Chapter 4 describes a new approach developed to
incorporate multiple functional groups in the binding site of MIPs without unproductive
interactions between functional monomers (“orthogonal approach”) utilizing a

xx

polymerizable crown ether derivative. This "orthogonal" functional group system is
shown to act cooperatively in the MIPs to bind a template with higher selectivity than any
of the individual functional monomers alone. Chapter 5 describes the value of Kn and
heterogeneity index (ν) obtained from the AD analysis on a combinatorial library mixture
in evaluating binding properties of its components. The trends of Kn and ν observed for
different mixtures provided means to compare average value and distribution of the
association constants of the corresponding components.
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CHAPTER 1
INTRODUCTION TO ISOTHERMS AND AFFINITY DISTRIBUTION FOR
NON-COVALENTLY IMPRINTED POLYMERS

1.1

Concept and Characteristics of Non-Covalently Imprinted Polymers
Molecularly imprinted polymers (MIPs) are highly crosslinked polymeric

materials that show high binding capacity and selectivity during rebinding for a molecule
present during the polymerization (template). The mechanism of the selective binding
site formation for the template has been conceptualized, as shown in Scheme 1.1.
Functional monomer complexes with the template in solution, and the structure of these
functional monomer-template complexes is preserved in a polymer matrix by
copolymerization with an excess amount of a crosslinking monomer. After the
polymerization, the template is removed from the polymer matrix, leaving specific
binding sites in the matrix. Even though homogeneous binding sites might be predicted

Polym.

+

Scheme 1.1. Conceptualization of the molecular imprinting process by the non-covalent
approach.

1

from the simple imprinting concept, shown in scheme 1.1, experiments have shown that
the non-covalently imprinted polymers have heterogeneous binding sites.1.1-1.2 In other
words, the binding sites in the MIP have a wide continuous distribution of association
constants, rather than just one value. There are at least three reasons for the
heterogeneous binding sites in the MIP, suggested in the literature.
The first reason for the heterogeneous binding sites in the MIP relates to the
amorphous structure of the polymers. In the imprinting process, random
copolymerization of a crosslinker and template-functional monomer complexes is carried
out to form binding sites in the polymer matrix. This is a kinetic process, and thus, there
is no control over the different ways in which the polymer chains are arranged around the
template. As a consequence of the countless ways of forming the binding sites in the
polymer matrix, different crosslinking densities around the binding sites are expectedly
formed.1.3 The different crosslinking densities result in different degrees of accessibility,
and could also cause the degree of integrity of the binding sites to vary. Therefore, it also
seems reasonable to expect the association constants of the binding sites in the MIP to
vary within the polymer.
The second reason is due to the incomplete complexation between the template
and the functional monomers in the solution.1.4 Furthermore, excess amounts of
functional monomers are used to shift the equilibrium toward formation of the
complexes. The result of using the excess amounts of the functional monomers is that the
majority of the functional monomer exists randomly oriented in the mixture without any
association with the template. Thus, various structures of the pre-polymerization
complexes would be expected, including non-associated functional monomers. The
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different structures of the complexes and non-associated functional monomers will form
binding sites with varied association constants.
The third reason for the heterogeneous binding sites might be that, in some cases,
clusters of the template are imprinted in a binding site, rather than the ideal case in which
a single template is imprinted in the binding site.1.5 Additionally, in practice the
extraction of the template from the matrix is not complete, leaving some residual
template bound to the matrix. Thus several different kinds of binding sites can be
generated after the extraction of the template:
(a) Binding site after extraction of the single template
(b) Binding site after extraction of entire clusters of the template
(c) Binding site after incomplete extraction of the clusters of the template, leaving
template(s) inside the binding site.
The consequence of the formation of different kinds of binding sites is that the
association constants of the binding sites vary. In addition, the extraction processes
might cause the change of the binding site integrity: Removing the template by the
extraction process might collapse the binding sites, resulting in various association
constants of the binding sites.1.6
1.2

Characterization of Binding Sites

1.2.1 Batch Rebinding
One of the experimental methods to evaluate the binding sites formed in the MIP
is batch rebinding (Scheme 1.2). In the batch rebinding, a known amount of polymer is
added into each of several containers, followed by addition of different concentrations of
a substrate (CT) into each of the containers with the polymer. After shaking the
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containers for a specified time (usually 24 h) to reach equilibrium, the solution can be
separated from the polymer by filtration or the supernatant can be taken out carefully in
order to measure the free concentration of the substrate (Cf) in each container. The free
concentration of the substrate is calculated using a calibration curve of the concentration
of the substrate versus light absorption, emission, or radioactivity. The amount of bound
substrate (Cb) is then calculated by simple subtraction of the free concentration of the
substrate from the total concentration of the substrate. Because the polymer is solid, the
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T
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Scheme 1.2. Procedure for the batch rebinding.
amount of bound substrate is divided by the amount of polymer to give the amount of
bound substrate per gram of the polymer (Sb). Each experimentally determined value of
Sb and its corresponding value of Cf are then used to establish a binding isotherm for the
polymer at constant temperature (Figure 1.1). The binding isotherm established by the
batch rebinding is then used to estimate binding parameters of imprinted binding sites in
the MIP.
The sensitivity of the binding isotherm to changes in the binding parameters of
the imprinted binding sites depends on at least two experimental conditions of the batch
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Figure 1.1. Example of a binding isotherm (i.e., Sb versus Cf) established by batch
rebinding experiments.
rebinding: solvent and the amount of the polymers. First, optimization of a solvent
should be done to balance binding strength of a substrate and the ratio of specific binding
to non-specific binding to the polymers in the solvent. The values of Sb at the low free
concentration range of the substrate are valuable to obtain information on high affinity
binding sites (i.e., imprinted binding sites) in the MIP.1.6 The calculated values of Sb at
the low free concentration of the substrate are highly subjected to the experimental errors
due to the similar magnitude of the measured free concentration (Cf) and the total
concentration (CT) of the substrate. Thus, higher binding strength of the substrate in a
solvent is desirable to obtain accurate information on the imprinted binding sites by
avoiding calculated errors of Sb at the low free concentration of the substrate. To obtain
high binding strength between the substrate and the imprinted polymers, solvents with
lower polarity are preferred. The reason is that the substrate interacts with the imprinted
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polymers primarily by ionic or hydrogen-bonding in the non-covalently imprinted
polymers. However, decreasing polarity of the solvent to obtain higher binding strength
is compromised by the increased contribution of the non-specific interactions to the
polymers. If the non-specific binding to the polymers dominates, any effects on the
binding isotherm by the specific binding to the imprinted sites will be obscured. Thus,
after a solvent is selected to achieve higher binding strength of the substrate, additional
optimization of the selected solvent is desirable to reduce the non-specific binding to the
polymers. This additional optimization can be done by adding small amount of a polar
modifier, such as acetic acid, to the solvent.
Increasing sensitivity of the binding isotherms to the changes in the binding
parameters of the imprinted binding sites of the MIPs can also be obtained by increasing
the amount of the polymers. Experimental data discussed in Chapter 2 showed that the
difference in the binding parameters among the MIPs was more apparent when larger
amount of the polymers was used in the batch rebinding. Additionally, errors of Sb
calculation at low concentrations of substrate can be avoided by increasing the amount of
polymer due to the increased number of binding sites. The increased number of the
binding sites will lead to larger difference in the magnitude between the free
concentration of the substrate (Cf) and the total concentration of the substrate (CT).
1.2.2

Binding Isotherms and Affinity Distribution
The binding isotherm (Sb versus Cf) for the MIP is used to extract binding

parameters, such as total number of binding sites and the association constant. The
estimation of binding parameters for the MIP is a more complicated problem than the
estimation of binding parameters between small molecules (for example, interactions
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between an amine and a carboxylic acid in solution phase). The reason is that the MIP
has a distribution of binding sites, as mentioned in section 1.1. The lack of a simple
method for evaluation of the binding site heterogeneity in MIPs has caused difficulty, for
example, in investigating how the modification of the factors influencing the imprinting
process affects the changes in the heterogeneity in MIP. However, recent application of
the “affinity spectrum” method for the MIP has made it possible to analyze the affinity
distribution of the binding sites in the MIP.
The affinity distribution of heterogeneous binding sites (N(K)) appears in the
fundamental integral equation for the experimental or global binding isotherm:1.7
∞

Sb(Cf)= ∫ Qt N ( K )d (ln K )

(1.1)

−∞

Qt is the local binding isotherm and is assumed to be a Langmuir type isotherm; and,
N(K) is the number of binding sites distributed across a continuous range of association
constant. The global binding isotherm (Sb(Cf)) is the experimental isotherm determined
from the heterogeneous system. Equation 1.1 shows that the global binding isotherm
results from the continuous summation of the adsorption of a substrate to all the sites
available in the polymers. The individual binding site in the system is assumed to be
homogeneous and independent of other binding sites and thus follow the Langmuir type
isotherm (Qt).
As a method to solve the integration problem in extracting a solution with respect
to N(K), an approximate solution, which was originally derived to study viscoelastic
behavior of materials,1.8 was adapted to heterogeneous binding isotherms.1.9 This
approach was also adopted to investigate affinity distribution of molecular imprinted
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polymers by Shimizu et al.1.10 The approximate solution for the equation 1.1 is shown in
the following equation:
N (K ) =

( B1 − B2 ) α (( B3 − B4 ) − 2( B1 − B2 ))
−
2 log α
2(α − 1) 2 log α

K =1 / C f

(1.2)

Where
B1 = Sb at Cf = α/K
B2 = Sb at Cf = 1/αK
B3 = Sb at Cf = α2/K
B4 = Sb at Cf = 1/α2K
α is an arbitrary number (typically α=100.2)
The equation 1.2 uses values of B to estimate the number of the binding sites (N), having
an association constant K, over the continuous range of the values of K. The values of B
in equation 1.2 are interpolated from the experimental isotherm. The constant α is
greater than 1.0 and arbitrarily chosen. The accuracy of the approximation improves as
α approaches 1.0. Typically, the value of log α is set at 0.2.1.9 Using equation 1.2, graph
of N(K) versus ln K (“affinity spectrum”) is plotted and the area below the curve of the
affinity spectrum gives the number of binding sites within the selected range of K (i.e.,
Kmin and Kmax).
Even though the affinity spectrum constructed using equation 1.2 is easy and
straightforward, the accuracy of the information obtained from the affinity spectrum is
only valid within the selected range of K. In practice Kmin and Kmax are limited by the
measured free concentration of substrate. In other words, Kmin is equal to the reciprocal
of the largest concentration (1/Cmax), and Kmax is equal to the reciprocal of the smallest
concentration (1/Cmin). Furthermore, the use of equation 1.2 requires the extrapolation of
the original interval of the concentration. The reason for this is that equation 1.2 requires
values of Cmin/α2 and α2Cmax, which are beyond the range of the measured concentration.
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To avoid the extrapolation of the original interval of the concentration, Kmin and Kmax is
further limited by 1/(α2Cmax) and 1/(Cmin/α2). This limited range of K used to construct
the affinity spectrum constricts information obtained from the affinity spectrum. In other
words the number of binding sites estimated within the limited range of K is only valid
within that range. An example of the limitation of the AD method to calculate the
number of binding sites is shown in a later section.
Another feature of equation 1.2 is that B1, B2, B3, and B4 values are required to
construct the affinity spectrum. The required values have been interpolated by smoothing
the experimental binding isotherm data, without any prior assumption on the binding
model. To achieve the most general applicability, a cubic spline has been used to smooth
the isotherm data.1.10 The cubic spline generally consists of third-degree polynomials,
which are pieced together at points to form a continuous function. The use of the cubic
spline to smooth the isotherm data allows flexibility, in that the isotherm data detects the
general shape of the affinity distribution. A more simple and practical approach seems to
be use of a binding isotherm model to fit the experimental data, if it has been established
that the binding isotherm model adequately describes the experimental binding isotherm
within the measured concentration range.

For molecularly imprinted polymers, the

Freundlich1.11 and Langmuir-Freundlich1.12 models have been established to adequately
describe the isotherm data; the Freundlich model describes the sub-saturation part of the
isotherm, and the Langmuir-Freundlich model is adequate when the isotherm data covers
both the sub-saturation and saturation concentration ranges.
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A.

Freundlich Isotherm and Affinity Distribution

a.

Freundlich Isotherm
The Freundlich isotherm equation (FI) describes Sb as a power function of Cf

(equation 1.3). The mathematical equivalent of the power function in log-log format is
the linear function. Thus the straight line of the binding isotherm in log-log format has
been used as a visual criterion to fit the FI to the binding isotherm for the MIP.1.11
S b = AC f

υ

(1.3)

A and ν are the Freundlich parameters, and ν is the heterogeneity index ranging between
0.0 and 1.0.

The value of ν becomes closer to 0.0 as heterogeneity increases.

A

homogenous system has the value of ν equal to 1.0.
The Freundlich binding model was empirical when it was first proposed to fit a
binding isotherm that does not conform to the Langmuir binding isotherm.1.13 However,
theoretical derivation of the global binding isotherm showed that the Freundlich isotherm
follows theoretically from the assumption of an exponential affinity distribution, for
small concentration ranges.1.14 From the theoretical derivation, the Freundlich parameter
A was correlated with Nt(K0)ν/(sin(πν)/(πν)), where Nt is the total number of binding
sites, K0 is the median association constant and ν indicates how broad the distribution is.
Furthermore, for the small values of ν the Freundlich parameter A can be approximated
by N(K0)ν.
Within the limited low concentration range, the Freundlich parameter ν is
valuable in estimating heterogeneity in the binding sites. The value of ν becomes closer
to 0.0 as heterogeneity increases. A homogenous system has the value of ν equal to 1.0.
The changes in the heterogeneity can be easily recognized in the slope of the binding
10

isotherm in log-log format; a decreasing slope of the binding isotherm in log-log format
indicates more heterogeneous binding sites. The limitation of the Freundlich equation is
that the Freundlich parameter A is the product of several binding parameters such as total
number of binding sites, median association constant and heterogeneity index. Thus
separate estimates for the Nt and K0 are impossible using the Freundlich fits to the binding
isotherm because the Freundlich parameter A is the lumped parameter of Nt(K0)ν.
b.

Affinity Distribution
The affinity distribution corresponding to the Freundlich model can be obtained

by inserting equation 1.3 into equation 1.2, resulting in equation 1.4.
N (K ) = A

α υ − α −υ α ((1 − α υ ) 2 − (1 − α −υ ) 2 ) −υ
−
K
2 log α
2(α − 1) 2 log α

(1.4)

The affinity distribution corresponding to the Freundlich binding model shows an
exponentially decreasing number of binding sites (N(K)) as a function of continuous
association constants (K). Assuming the Freundlich binding model for the global binding
isotherm, the analytical solution to equation 1.2 was also obtained first by Sips and
introduced for the MIPs by Guiochon et al. (equation 1.5):1.15
N (K ) = A

sin(πυ ) −υ
K
π

(1.5)

where A and ν are the Freundlich parameters.
It is worth mentioning the difference between the affinity distribution generated
by the approximate solution (equation 1.4) and the analytical solution (equation 1.5).
Both of the equations predict exponentially decreasing N as a function of K. The
difference is in the amplitude of the affinity distribution. It has been shown that similar
amplitude is obtained between the equations when ν is closer to 0.0.
11

When the

heterogeneity index is closer to 1.0, however, larger amplitude of the affinity distribution
is estimated from the approximate solution versus the exact solution. Therefore, when
the affinity distribution analysis is employed to detect changes in the number of binding
sites, it is important to use one method consistently throughout the system. However, the
same heterogeneity index (ν) is obtained by either method.1.15
The affinity distribution produced by equations 1.4 and 1.5 can be graphed in
terms of N vs. ln K or ln N vs. ln K format (figure 1.2a and 1.2b). The affinity
distribution in N vs ln K format is an exponentially decreasing function. This function is
always positive, tends toward zero for the highest association constant and tends toward
infinity for the lowest association constant. The infinitely increasing number of binding

0.4

-0
b

a
-1
ln N (mmol/g)

N (mmol/g)

0.3
0.2
0.1
0.0

-2
-3
-4
-5

2

3

4

5

6

7

-6

8

2

ln K(M-1)

3

4

5

6

7

ln K(M-1)

Figure 1.2. Affinity distribution generated by equation 1.5 in (a) N vs. ln K and (b) ln N
vs. ln K format.
sites for the smallest association constant implies a physical limitation of affinity
distribution corresponding to the Freundlich equation.
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The exponentially decaying

8

distribution based on the Freundlich equation generates a straight line on the graph
presented in ln N vs. ln K format. Therefore, visual inspection on vertical positions and
slopes of the affinity distributions can be made more easily in ln N vs. ln K format in
order to compare quality of binding sites among affinity distributions generated by
different MIPs.
The vertical position of an affinity distribution indicates the number of binding
sites within the selected range of K, and this vertical position is influenced by both the
Freundlich parameter A and ν. Figure 1.3a shows the affinity distributions generated by
changing only the values of A in the Freundlich parameters. Increasing the value of A
shifted the affinity distribution in the upward direction. Decreasing only the value of ν
also moved the affinity distribution in the upward direction (Figure 1.3b).

These

simulated data indicate that the changes in heterogeneity can also change the apparent
number of binding sites, as calculated from area below the curve in the affinity
distribution. The value of A as well as that of ν were changed simultaneously to generate
cross over between the affinity distributions as shown in Figure 1.3c. The relative
amplitude of the number of binding sites calculated by the two affinity distributions
depends on the selected range of K to integrate the area below the affinity distribution in
N vs. ln K. For example, the number of binding sites calculated with the ranges of K
between 103 and 105 M-1 would yield a higher value of the number of binding sites for the
affinity distribution shown as a dotted line in Figure 1.3c. However, the number of
binding sites calculated within the ranges of K between 105 and 107 M-1 would give a
higher value of the number of binding sites for the affinity distribution shown as a solid
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Figure 1.3. Affinity distributions generated by changing the value of (a) A, (b) ν, and (c)
both A and ν of Freundlich parameters.
line in Figure 1.3c. This dependence of the number of binding sites on the selected range
of association constants shows the danger of comparing number of binding sites
calculated from the different ranges of the association constant without knowledge of the
overall affinity distribution.
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The slope of the affinity distribution is used to measure the heterogeneity and the
ratio of high affinity to low affinity binding sites in a polymer; and this value is equal to
the negative value of the Freundlich parameter ν. As the value of ν becomes closer to 0,
the binding sites become more heterogeneous and a more horizontal affinity distribution
is obtained (Figure 1.3b and 1.3c). The more horizontal affinity distribution indicates a
higher ratio of high affinity to low affinity binding sites. On the other hand, when the
value of ν becomes closer to 1, more homogeneous binding sites are indicated and a
steeper slope of affinity distribution is obtained.

The steeper slope of the affinity

distribution indicates a low ratio of high affinity to low affinity binding sites.
B.

Langmuir-Freundlich Isotherm and Affinity Distribution

a.

Langmuir-Freundlich Isotherm
The validity of using the affinity distribution corresponding to the Freundlich

equation is not because the Freundlich isotherm is an ideal model for the heterogeneous
binding sites in the MIP, but because the isotherm can only be measured in low
concentration range, i.e., the sub-saturation part of the isotherm. The reasons for the
limited measurability of concentration range are primarily due to both the solubility limit
of a substrate in a rebinding medium and the low association constant between the
substrate and the binding sites in the rebinding medium. However, when the measured
concentration can be extended to cover both sub-saturation and saturation range of the
isotherm, the Langmuir-Freundlich equation (equation 1.6) has been suggested to be
advantageous in describing the characteristics of binding in the MIP. The reason is that
the total number of binding sites and median association constant can be separately
estimated with this model in addition to the heterogeneity index.
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S b (C f ) =

N t ( K 0 C f )υ

(1.6)

1 + ( K 0 C f )υ

where Nt is the total number of binding sites, K0 is the median association constant and ν
is the heterogeneity index. The value of ν being closer to 0.0 indicates more
heterogeneous binding sites and the value of ν being closer to 1.0 indicates more
homogenous binding sites.

Additionally, the Langmuir-Freundlich equation can be

reduced to Langmuir and Freundlich equations; the equation 1.6 reduces to the Langmuir
equation when the heterogeneity index is equal to 1.0 (equation 1.7), and the equation 1.6
reduces to the Freundlich equation at low concentration, i.e., K0Cf<<1 (equation 1.8).
S b (C f ) =

Nt K aC f

(1.7)

1 + K aC f

S b (C f ) = N t ( K 0 )υ C υf

(1.8)

The accuracy of the Nt and K0 estimated from the Langmuir-Freundlich fits
depends on the measured concentration range. If the measured concentration range does
not cover the plateau part (i.e., saturation part) of the isotherm, the estimated values of Nt
and K0 will have large standard deviations for the estimated values.

Whether the

estimated values of Nt and K0 are accurate can be assessed by determining whether the
estimated value of K0 is the value between the measured concentration range and by
confirming that the standard deviation for the estimated value is not larger than the
estimated value itself.1.11 If K0 is well below the measured concentration range, and the
standard deviation for the estimated value is larger than the estimated value itself, the
binding isotherm should be fit with the equation that describes sub-saturation behavior of
the isotherm, such as the Freundlich equation.
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The different shape of the binding

isotherm in log-log format might also be used to visually judge whether the Freundlich or
Langmuir-Freundlich equation will be a better fit to the experimental binding isotherm
(Figure 1.4).
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Figure 1.4. Langmuir-Freundlich binding isotherm (solid line) and Freundlich binding
isotherm (dotted line).
b.

Affinity Distribution
The Langmuir-Freundlich parameters are used to generate the affinity distribution

using equation 1.2. The affinity distribution corresponding to LF is a symmetrical quasigaussian function (figure 1.5). This function is always positive, tends toward zero for the
smallest and highest association constants, and reaches its maximum at K0. The measure
of the heterogeneity (ν) can be estimated from the breadth of the peak.

For the

decreasing value of ν the affinity distribution becomes broader; for the increasing value
of ν the affinity distribution becomes narrower; for ν=1 it becomes the Dirac-δ function
which is the characteristic of homogenous binding sites.
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Figure 1.5. The affinity spectrum generated from the Langmuir-Freundlich binding
model.
The above mentioned affinity spectrum method used for MIPs has contributed
tremendously to the characterization of the heterogeneous binding sites of the MIPs.
However, main drawback of the method seems to be its low resolution. Continuous
affinity spectrum methods combined with Freundllich or Langmuir-Freundlich binding
isotherms produce exponentially decreasing or unimodal affinity distributions of the
MIPs due to the imposed assumption of the binding model. Consequently, the
continuous affinity spectrum methods can not produce separate affinity distribution for
high affinity sites and low affinity sites unambiguously, even though a possible bimodal
(or higher) distribution for the MIPs has been indicated.1.1, 1.15 Improving binding
performance of MIPs requires decreasing non-specific interactions to the polymers (i.e.,
low affinity sites), increasing specific interactions to the imprinted binding sites of the
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MIPs (i.e., high affinity sites), and decreasing heterogeneity of the selective binding sites
which is produced by the imperfect imprinting process1.16-1.19 (as explained in section
1.1). Thus, separate information on the affinity distribution of high affinity and low
affinity sites is critical for evaluation and development of strategies for the further
improvement of the binding performance of the MIPs. A higher resolution method
suggested by Guiochon et al. (“expectation maximization method”)1.19 seems to be
promising to obtain separate information on high affinity and low affinity binding sites.
Using the expectation maximization method, exponentially decreasing low affinity
binding sites and unimodal high affinity binding sites was separately identified for Lphenylaniline anilide imprinted polymers. On the other hand, using the affinity spectrum
method, the same binding data gave exponentially decreasing affinity distribution by
assuming Freundlich binding model which showed highest correlation with the binding
data.1.17
1.3
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CHAPTER 2
NEW INSIGHT INTO BINDING SITE FORMATION IN NON-COVALENTLY
IMPRINTINED POLYMERS1

2.1

Introduction
The traditional model for non-covalently imprinted polymers (shown in Scheme

1.1. in Chapter 1) hypothesizes that functional monomers are organized around a
template in solution phase and these solution complexes are locked into the polymer
matrix during polymerization. Consequently, each pre-polymerization complex (PPC) is
assumed to produce an imprinted binding site within the resulting MIP. Therefore, the
main consideration in the non-covalent approach to improve the binding performance of
the resulting MIP has been to maximize PPC concentration before the polymerization.
Furthermore, prediction of the binding performance of MIPs has been also based on the
pre-polymerization complexes model.2.1-2.2 This solution complexes model for the noncovalently imprinted polymers was tested in this study.
According to the solution complexes model, increased binding performance of the
MIPs can be expected by increasing the PPC concentration. To increase the PPC
concentration, Le Chatelier’s principle can be applied (Scheme 2.1). Le Chatelier’s
principle predicts that increasing the concentration of functional monomer or template, or
binding affinity of the complex in the pre-polymerization mixture will drive the
equilibrium toward pre-polymerization complex formation. However, increasing the
1

Reproduced in part with permission from [Kim, H.; Spivak, D.A. "New Insight into
Modeling Non-Covalently Imprinted Polymers" J. Am. Chem. Soc. 2003, 125(37),
11269-11275.] Copyright [2003] American Chemical Society.
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amount of functional monomer necessitates lowering of the amount of crosslinker. MIP
optimization experiments in the literature have shown that the crosslinker/functional
monomer (XL/FM) ratio has a lower limit of 1.0, and optimum value around 4.0 to
maintain the fidelity of the binding site.2.3

Template
+
Functional
Monomer

Polymerize

Pre-polymer
Complex

Number of
Binding Sites
(N)

Scheme 2.1. Relationship between solution complexes and specific binding sites made in
the MIP.
The other option to increase PPC concentration is to increase the amount of
template. The amount of template can be increased indefinitely without affecting MIP
formulation because the entire template is removed at the end of the imprinting process.
Therefore the PPC can, in theory, be driven to its full complex state by using a large
amount of template, while keeping (XL/FM) ratio at the optimum 4.0. This approach
was used by Andersson et al.2.4 to imprint the template nicotine at various concentrations
with a constant amount of functional monomer and a constant (XL/FM) ratio. The
analysis of binding performance on these polymers showed that the maximum amount of
the template did not optimize the MIP performance; instead, peak performance was found
to be around a 4/1 functional monomer/template ratio. To account for the data observed,
the authors proposed a model for 1-point binding, 2-point binding, and higher order
complexes.
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For this study, we used the same approach to maximize the PPC concentration,
i.e., increasing the amount of template while keeping the amount of functional monomer
and (XL/FM) ratio constant. Simpler templates, for which only one solution complex is
expected, were used. The results obtained from the simpler templates were compared to
an equivalent nicotine template, for which several interactions with the functional
monomer (methacrylic acid) were expected. Batch rebinding studies were done to obtain
equilibrium binding data which were evaluated using Freundlich binding model, from
which the distribution of binding sites of each series of imprinted polymers was obtained.
Chemical composition and pore structure of the polymers were investigated to determine
any changes in each series of the imprinted polymers. The binding performance of each
series of the polymers was also investigated in chromatographic mode using high
performance chromatography (HPLC) and these results were compared to those obtained
from the batch rebinding studies. The outcome of this study suggests a more complete
model to explain how the binding sites are formed by the non-covalent imprinting
method.
2.2

Results and Discussion

2.2.1

Stoichiometry of Template-Monomer Complexes
A centered assumption in molecular imprinting is that the functional groups are

organized around the template in the solution phase, and then "locked-in" during the
polymerization. To test this assumption, a first step was to characterize the solution
phase pre-polymer complex between each of three templates and the functional monomer
(MAA) in solution using 1H NMR chemical shift studies.
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A.

Job’s Plot
A traditional way to determine the binding stoichiometry of solution complexes is

the method of continuous variations (also known as the Job’s plot).2.5-2.6 In this method, a
series of mixed binding components, say, T and M is prepared by keeping the total
concentration ([T]t+[M]t) at constant, but with variable ratio of [T]t/[M]t. Changes in
complex concentrations with the variable ratio of [T]t/[M]t are then measured by
absorbances or chemical shifts of these solutions, which are plotted as a function of a
molar fraction (fM=[M]t/([T]t+[M]t) to establish the Job’s plot. From the Job’s plot, the
stoichiometry of the binding components T and M can be determined at the molar
fraction fM which corresponds to a maximum (or minimum) peak (fpeak) according to the
following equation:
n = (fpeak)/(1-fpeak)
where n is the stoichiometric ratio of the binding components and fpeak is the molar
fraction fM corresponding to a maximum (or minimum) peak in the Job’s plot.
For example, a maximum at fpeak = 0.5 indicates 1:1 stoichiometric ratio of the solution
complexes. There are two points to consider in using the Job’s plot to determine the
stoichiometry of the solution complexes. The first point is that the Job’s plot only
provides the stoichiometric ratio of the solution complexes. For example, obtaining a
maximum at fpeak = 0.5 in the Job’s plot can be either of 1:1 or 2:2 or of higher order
stoichiometry. The second point to consider is that the sharpness of the maximum (or
minimum) peak in the Job’s plot and thus the precision of the method depend on the
association constant and the total concentration of the binding components. Therefore, a
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sufficiently high concentration of the total concentration needs to be used to obtain a well
defined peak.
In this study, a Job’s plot for each template was established to find the
stoiciometry of template-MAA complexes in solution. To construct the Job’s plot, the
combined concentration of MAA and template substrates (C0) were kept at constant
molarity, but the relative molar fractions of MAA and the template substrates were varied
in a compensatory manner. The complex concentration was calculated using the product
(δobs-δT)fT,2.5 where (δobs-δT) is the change in chemical shift of the methyl protons of
pyrrolidine ring ((S)-nicotine) or the amine protons of the template ((S)-CPA or (S)CNA) in the presence of MAA, and fT is the molar fraction of the template. This
complex concentration was then plotted against the molar fraction of MAA (fM).
Different values of C0 were used to plot the complex concentration versus the molar
fractions of MAA to find concentrations above the necessary threshold value.2.6
The stoichiometry of the complexes can be estimated at the molar fraction of the
functional monomer where the maximum concentration of the complexes occurs. For
(S)-CPA (Figure 2.1a) a maximal complex was formed at 0.5 molar fraction of MAA for
all values of C0. This result provides evidence for the formation of a 1:1 complex
between functional monomer MAA and the template (S)-CPA in solution. A 1:1
complex of (S)-CNA with MAA is also observed (Figure 2.1b). On the other hand, for
(S)-nicotine substrates the Job’s plot shows a maximal complex at 0.6 molar fraction of
MAA, confirming the formation of a 1:2 complex between (S)-nicotine substrates and
MAA (Figure 2.1c).

25

a

b

2.0
fT(δobs-δT)

fT(δobs-δT)

2.4

1.6

1.5
1.0

0.8
0.5
0.0
0.0

0.2

0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

fM

fM
0.04
c
fT(δobs-δT)

0.03
0.02
0.01
0.00
0.0

0.2

0.4

0.6

0.8

1.0

fM
Figure 2.1. Job’s plots for the association between MAA and (a) (S)-CPA substrates in
CDCl3 at the combined concentration of MAA and (S)-CPA substrates 20mM(z),
40mM(), and 60mM({) (b) (S)-CNA substrates in CDCl3 at the combined
concentration of MAA and (S)-CNA substrates 30mM (c) (S)-nicotine substrates in
CDCl3 at the combined concentration of MAA and (S)-nicotine substrates 40mM(z),
80mM(), and 160mM({).
B.

1

H NMR Titrations

Further evidence for the stoichiometry of each of the three templates with MAA
was provided by 1H NMR titrations. To establish titration curves, two parent solutions
for the template and MAA in CDCl3 were prepared. NMR tubes were each filled with
the same amount of the template solution (20 mM) and increasing amounts of MAA
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solution were added into the tube. Chemical shifts of the methyl protons of pyrrolidine
ring ((S)-nicotine) or the amine protons of the template ((S)-CPA or (S)-CNA) in the
presence of MAA were followed. The Eadie-Hoffstee plot (equation 2.1)2.7 was used to
graph the titration data (Figures 2.2).

δ obs − δ T = − K d (

δ obs − δ T
) + ∆δ C
[ MAA]

(2.1)

Kd is the dissociation constant, δobs and δT are the chemical shift of protons on template in
the presence of MAA and in the absence of MAA, respectively, and ∆δC is the chemical
shift change at complete complexation between template and MAA. For (S)-CPA (or
(S)-CNA), one straight line can be drawn in the plot (Figure 2.2 a (or b)), indicating 1:1
complexes. On the other hand, a non-linear line was observed in the Eadie-Hoffstee plot
for (S)-nicotine, indicating complexes that were higher than 1:1 (Figure 2.2 c).
2.2.2

Batch Rebinding Studies

A.

Polymer Imprinting
The initial objective of this study was to investigate whether increasing pre-

polymerization complexes (PPC) improve the binding performance of the resulting
polymers. To increase PPC without compromising the fidelity of binding sites, a series
of polymers was imprinted with increasing amounts of template, while the monomer (and
initiator) concentration and crosslinker/functional monomer ratio were kept constant. A
similar MIP formulation was previously used to investigate performance of a series of
polymers imprinted with nicotine, and we recreated that system for this study.2.4 Nicotine
has two amine functional groups, which are capable of multiple interactions with the
27

8

a
δobs-δT (ppm)

δobs-δT (ppm)

12

8

4

0
0.0

0.1

0.2

6
4
2
0
0.0

0.3

(δobs-δT)/[MAA]

0.1

0.2

0.3

(δobs-δT)/[MAA]

0.06
δobs-δT (ppm)

b

c

0.04

0.02

0.00
0.0010

0.0012

0.0014

0.0016

(δobs-δT)/[MAA]

Figure 2.2. Eadie-Hoffstee plots for (a) (S)-CPA, (b) (S)-CNA, and (c) (S)-nicotine.
Chemical shift changes of the protons (δobs- δT) on each template are plotted as a function
of (δobs- δT) per MAA concentrations (mM).
functional monomer (methacrylic acid). These multiple interactions must be accounted
for when modeling the system, complicating the overall understanding of the model. To
provide an easier model to understand, we focused our studies on systems with one
amine. For this purpose, cyclohexyl(phenylethyl)amine (CPA) was chosen as a
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template with a single amine group and a chiral center much like nicotine; Furthermore,
its liquid state facilitates solvating monomers and initiator in MIP formulations. To
verify the generality of results for templates with one amine, a second series of polymers
were imprinted using cyclohexyl(napthylethyl)amine (CNA). A series of polymers for
each template were synthesized using increasing amounts of template (Table 2.1). The
extra volume provided by the template in each case was compensated for by a reduction
in solvent volume to maintain the same overall polymerization volume. Polymers were
soxhlet extracted with methanol, sized to the range 25µm - 38 µm; and binding was
evaluated by batch-rebinding studies.
Table 2.1. Polymer compositions
Polymer Entry
Mole % Template
mmol Template

(1)
0
0

(2)
1
0.32

(3)
2
0.64

(4)
5
1.58

(5)
10
3.16

(6)
20
6.31

(7)
50
15.78

(8)
100
31.55

mmol MAA

6.31

6.31

6.31

6.31

6.31

6.31

6.31

6.31

mmol EGDM

25.2

25.2

25.2

25.2

25.2

25.2

25.2

25.2

8

7.93

7.86

7.65

7.30

6.59

4.48

0.97

12

11.92 11.85

11.62

11.25

10.49

8.23

4.45

0.64

0.64

0.64

0.64

0.64

0.64

mL CHCL3
[for: (S)-nicotine
and (S)-CPA]
mL CHCL3
[for: (S)-CNA]
mmol AIBN
B.

0.64

0.64

Optimization of Experimental Conditions
Initially, it was necessary to find experimental conditions which would allow us

to observe binding parameters of imprinted binding sites in each series of the imprinted
polymers in a state of equilibrium. The total binding to a MIP is the sum of specific
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binding to the imprinted binding sites and non-specific binding to the polymer. The nonspecific binding to the polymer is measured as the binding, under identical conditions, to
a non-imprinted polymer. If this non-specific binding to the polymer is dominant,
specific binding to the imprinted sites will be obscured. Thus the ratio of specific to nonspecific binding should be optimized to observe the binding performance of the imprinted
sites. In these experiments the amount of polymer and rebinding medium were varied to
investigate what experimental conditions are favorable to observe the imprinted binding
sites. The time period during which the binding events reach equilibrium state was also
investigated.
a.

The Amount of Polymer
Increasing the amount of polymer is expected to provide more binding sites for a

substrate. As a result of the increasing binding sites, the amount of the bound substrate is
expected to increase. However, the number of binding sites normalized by the amount of
the polymer should be constant, regardless of the amount of the polymer used in the batch
rebinding. Different amounts of each series of (S)-CPA polymers were used in batch
rebinding with a constant total concentration of (S)-CPA in 95/5 acetonitrile/acetic acid.
Figure 2.3 (a) shows that as the amount of polymer was increased, indeed, the amount of
the bound substrate (Cb) was increased. The increased number of binding sites as a result
of the increased amount of polymer was normalized by dividing the amount of bound
substrate by the weight of the polymer (Sb). Figure 2.3 (b) shows that the values of Sb are
almost the same for 0.05g and 0.1g of the polymers. However the highest values of Sb
were observed for 0.02g of the polymer. Theoretically, the density of binding sites (i.e.,
number of binding sites per gram of polymer), or the distribution of binding sites, should
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Figure 2.3. (a) The amount of bound (S)-CPA (Cb) and (b) the amount of bound (S)-CPA
per gram of the polymers (Sb) versus percent template for a series of (S)-CPA imprinted
polymers for 0.02g(z), 0.05g(), and 0.1g(S) of the polymers used in batch rebinding.
be the same regardless of the amount of polymers used. However these results showed
that different (i.e., highest) values of Sb was obtained for 0.02g of the polymers versus
0.05g or 0.1g of the polymers indicating possible changes in binding parameters with the
different amount of the polymers used in the batch rebinding studies.
Further evidence for the possible changes in the binding parameter(s) with the
increasing amount of polymer was provided by comparing two binding isotherms,
established by using 0.02 g of the polymers (Figure 2.4 a) and 0.1 g of the polymers
(Figure 2.4 b) in the batch rebinding. Figures 2.4 indicate that the difference in the
binding parameters among the MIPs was more apparent when larger amount of the
polymers was used in the batch rebinding experiment as shown by larger difference in the
slope and the amplitude between the binding isotherms for 0.1 g of the polymers versus
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Figure 2.4. The binding isotherm of 0%(z), 5%(), and 10%(S) (S)-CPA imprinted
polymers using (a) 0.02 g and (b) 0.05 g of the polymers in batch rebinding.
0.02g of the polymers. Comparing each binding isotherm established by using 0.02g and
0.1g of the polymer, higher values of Sb and a steeper slope of the binding isotherms in
the log-log format for 0.02g of the polymers versus 0.1g of the polymers were observed.
The higher values of Sb observed over the measured concentration range (Figure 2.4 (a))
are in agreement with the higher values of Sb obtained for each percent template when
0.02g of the polymers was used versus 0.1g of the polymers (see Figure 2.3 (b)). The
values of Sb are influenced by the non-speicific and specific binding of the substrate to
the polymers. The slope of the binding isotherm in the log-log format indicates the ratio
of high affinity to the low affinity binding sites in the MIP; a more horizontal slope
indicates higher ratio of the high affinity to the low affinity binding sites. The reason is
that the slope of the binding isotherm in the log-log format is proportional to the number
average association constant calculated from affinity distribution analysis and the number
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average association constant indicates the ratio of the high affinity to the low affinity
binding sites (detailed discussion can be found in later section and in Chapter 1). Thus,
the experimental result that a more horizontal slope was found for 0.1g versus 0.02g of
the polymer might indicate that the substrates bind to the higher affinity binding sites in
preference to the low affinity binding sites when the higher amount of the polymer was
used. Based on the same reasoning, the steeper slope of the binding isotherm obtained
for 0.02g versus 0.1g of the polymer might be attributed to the preferential binding of the
substrates to non-specific binding sites when the lower amount of the polymer was used.
b.

Rebinding Medium
Another way to decrease the non-specific binding to the polymer is to add a small

amount of polar modifier, such as acetic acid (AcOH), in the rebinding medium. Figures
2.5 show the binding isotherms of (S)-and (R)-CNA for 5% (S)-CNA imprinted polymers
and non-imprinted polymers. The non-specific binding to the polymers is measured as
the binding, under identical conditions, to a non-imprinted polymer. Decreased nonspecific binding to the polymers was observed in 95/5 MeCN/AcOH, as indicated by the
lower value of Sb for the non-imprinted polymers in 95/5 MeCN/AcOH versus in MeCN.
Higher values of Sb on the imprinted polymers were also observed in MeCN versus
MeCN/AcOH (95/5 v/v) due to the increased non-specific interaction. Furthermore,
when 5% AcOH was added in MeCN, the larger difference between the binding
isotherms of (S)-CNA and (R)-CNA for the 5% (S)-CNA imprinted polymers was
observed versus in MeCN. These results showed decreased non-specific binding and
enhanced specific binding to the polymers in 95/5 MeCN/AcOH versus MeCN.
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Figure 2.5. Binding isotherms of (S)-CNA (z) for non-imprinted polymers and binding
isotherms of (S)-CAN () and (R)-CNA (S) for 5% (S)-CNA imprinted polymers when
the rebinding medium was (a) MeCN and (b) 95/5 MeCN/AcOH.
c.

Equilibration Time
Equilibration time was investigated using 10% (S)-CPA MIPs and 10% (S)-

nicotine MIPs with the minimum total concentration of corresponding substrate. The
minimum concentration of the substrate was determined by the detection limit in UV.
The polymers (0.1g) were shaken with the solution of the substrate in 95/5 MeCN/AcOH.
For each interval of time, an aliquot was taken out to measure the free concentration of
the substrate. The results summarized in Table 2.2 show that the values of Sb did not
change within the investigated period of time, indicating that the equilibrium have been
reached within an hour.
C.

Binding Isotherms
In the batch rebinding experiments, a constant volume of a solution with various

concentrations of template was added to a fixed amount of the polymer and shaken for 24
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hours, allowing equilibrium to be reached. The amount of free template (Cf, mM) was
determined by measuring UV absorbance of the supernatant; and the amount of bound
template (Cb, mM) was determined by subtracting the amount of free template from the
total amount of template (ie. Cb = CT - Cf) added to the polymer solution. Because the
polymers are solid, Cb is converted to Sb, which is measured in µmoles of substrate per
gram of polymer (µmole/g) to establish the binding isotherms for the polymers as Sb
versus Cf.
Table 2.2. The values of the amount of bound substrate per gram of the polymer (Sb) on
10% (S)-CPA and (S)-nicotine MIPs calculated for specified interval of time
Equilibration time (h)
1
2
5
19
29

Sb (µmol/g)
10% (S)-CPA MIPs
10% (S)-nicotine MIPs
22.3
1.72
24.0
1.72
22.6
1.64
24.8
1.67
23.6
1.61

The Freundlich equation has been used to fit MIP isotherms within the subsaturation part of the isotherm.2.8 The high concentration range required to reach the
saturation part of the isotherm and solubility limit of a template often limit the
measurement below the saturation part of the isotherm. The Freundlich equation relates
Sb as a power function of Cf with fitting parameters A and ν (equation 2.2). The fitting
parameter ν is the heterogeneity index between 0 and 1. A system is homogenous when
the value of ν is unity. On the other hand, when the value of ν approaches zero, the
system becomes more heterogeneous.
S b = AC vf

(2.2)

35

The binding isotherms obtained from each series of the imprinted polymers are presented
in a log Sb versus log Cf format (figures 2.6). Eight isotherms are obtained for each of the
MIPs formulated with increasing amounts of template. The isotherms for the polymers
imprinted with (S)-CPA are shown in figures 2.6a and 2.6b; isotherms for (S)-CNA and
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log Sb(µmole/g)

3

2
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1

1
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log Cf(mM)
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Figure 2.6. Binding isotherms for (a) Region I, (S)-CPA MIPs with 0%(
),
1%(
), 2%(
), 5%(
), and 10%(
) and binding isotherms for (b)
Region II (S)-CPA MIPs with 10%(
), 20%(
), 50%(
), and 100% (
)
in log-log format. The symbols represent experimental data while the solid lines are their
fits calculated by Freundlich equation. Binding isotherms for (S)-CNA and (S)-nicotine
can be found in Appendix B.
(S)-nicotine can be found in appendix B. The eight isotherms are divided into two
different graphs: region I for those with 0%, 1%, 2%, 5%, and 10% template [e.g., figure
2.6a for (S)-CPA]; and region II for those with 10%, 20%, 50%, and 100% template [e.g.
figure 2.6b for (S)-CPA]. The upward movement of the isotherms from 0% - 10%
template, as shown in Region I indicates increasing binding ability, whereas a downward
movement from 10% - 100% template, as illustrated in region II, indicates decreasing
binding ability. In addition to the trends in binding ability, figures 2.6 also shows good
36

linearity, supporting the Freundlich model of binding isotherm. Thus, the Freundlich
equation found for each isotherm was used to calculate the affinity distribution.
D.

Affinity Distribution Analysis

a.

Computational Method
Through a series of elegant papers by the groups of Shimizu,2.8 Sellergren and

Guiochon,2.9 the Freundlich equation (equation 2.2) has been determined to be a suitable
binding isotherm model for MIPs, which is used in this study. Once the appropriate
Freundlich equation is found with an acceptable fit (R2 = 0.97-0.99)2.8 to the overall
binding isotherm data, the equation for the affinity distribution (N(K)) can be written,
incorporating the parameters of the Freundlich equation:2.9
N(Ki)= A

sin(πv) −v
Ki
π

(2.3)

where A and ν are the Freundlich parameters. Furthermore, assuming that the number of
binding sites is high enough to take the limit N→∞ (thermodynamic limit), the value of
the association constant (K) of a given site is equal to the reciprocal of the free
concentration of the substrate (Cf):
Ki=1/Cf

(2.4)

This allows determination of the Ki values experimentally for equation 2.4., to give
equation 2.5.
N(Ki)= A

sin(πv) −v
Ki
π

(2.5)

K i =1 / C f

To quantitatively calculate the number of binding sites (N), a new function is obtained
that calculates the area under an affinity distribution in terms of N vs. ln K (Eq. 2.6) for
the specified range of affinity constant values, i.e. the range between Kmin and Kmax.
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ln K max

N= ∫ N ( K )d (ln K ) =
ln K min

ASin(πv) − v
−v
( K min − K max
)
π

(2.6)

To obtain the number-average association constant (for a specified range of Kmin - Kmax),
a relationship is developed in a fashion similar to that for determining the number
average molecular weight (Mn = ΣMiNi/ΣNi) of a polymer. For number average
association constant, the sum of all sites Ni multiplied by the corresponding affinity
constant, Ki, is divided by the sum of Ni, which is the total number of sites N (Eq. 2.7).
From the continuous affinity distribution of the graph of equation 2.5 (in terms of N
ΣNiKi/ΣNi = ΣNiKi/N

(2.7)

vs. ln K), ΣNiKi can be substituted by the integration of the product of the number of
binding sites for each class with its corresponding association constant, shown as the
numerator of equation 2.8. When this is divided by the number of binding sites N from
equation 2.6, the number-average association constant (Kn) is obtained.
ln K max

∫ N ( K ) Kd (ln K )

Kn=

ln K min

(2.8)

ln K max

∫ N ( K )d (ln K )

ln K min

First, substitution of equation 2.5 into the numerator of equation 2.8 transforms the
numerator as shown in equation 2.9:
ln K max

∫ N ( K ) Kd (ln K ) =

ln K min

ln K max

∫

A

ln K min

Sin(πv) 1−v
K d (ln K )
π

(2.9)

Now, letting lnK = x, then:
K = ex

(2.10a)

And:
d(lnK) = dx

(2.10b)
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lnKmin = xmin

(2.10c)

lnKmax = xmax

(2.10d)

Substitution of equations 2.10a-d into equation 2.9 and integration with respect to x
gives:
xmax

∫

A

xmin

Sin(πv) (1−v ) x
A Sin(πv) (1−v ) x
e
dx =
e
π
(1 − v) π
=

xmax
xmin

A Sin(πv) (1−v ) xmax
(e
− e (1−v ) xmin )
(1 − v) π

(2.11)

(2.12)

By replacing x with ln K in equation 2.12, we have:
=

A Sin(πv) (1−v ) ln K max
(e
− e (1−v ) ln K min )
(1 − v) π

(2.13)

=

A Sin(πv) 1−v
1− v
( K max − K min
)
(1 − v) π

(2.14)

A similar approach is taken to determine the denominator of equation 2.8. Thus,
equation 2.5 is substituted into the denominator of equation 2.8, which transforms the
denominator as shown in equation 2.15:
ln K max

ln K max

ln K min

ln K min

∫ N ( K )d (ln K ) = ∫ [ A

Sin(πv) − v
]K d (ln K )
π

(2.15)

Once again, substitution of equations 2.10a-d into equation 2.15, and integration with
respect to x gives:
ln K max

x

max
Sin(πv) −v
Sin(πv) −vx
[
]
(ln
)
[A
]e dx
A
K
d
K
=
∫
∫
π
π
xmin
ln K min

Sin(πv)
1
][− e −vx ] xxmax
min
π
v

(2.17)

− ASin(πv) −vxmax
(e
− e −vxmin )
πv

(2.18)

=[ A

=

(2.16)
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By replacing x with ln K, equation 2.18 becomes
− ASin(πv) −v ln K max
(e
− e −v ln K min )
πv

(2.19)

ASin(πv) −v
−v
( K min − K max
)
πv

(2.20)

=

=

Dividing equation 2.14 by equation 2.20 gives equation 2.21, which calculates the
number average association constant (Kn, Eq 2.21).
1− v
1− v
− K min
)
v ( K max
Kn=
−v
−v
1 − v ( K min − K max )

(2.21)

From equation 2.21, the number average association constant can be calculated using a
binding isotherm that is modeled by the Freundlich equation.
b.

Affinity Spectrum
The Freundlich equation (equation 2.2) was first fit to the experimental binding

isotherm (Sb vs Cf) using the software program SigmaPlot 7.101.2.10 The best-fit values
for A and

were obtained by varying these parameters one at a time, and finding the

best fit by minimizing the sum-of-squares (SS). The goodness of fit was validated by
obtaining correlation constant values (R2) in the range of 0.972 to 0.999. Standard
deviation calculated using SigmaPlot 7.101 was reported as error in the fitting parameters
(A and ν).
The fitting parameters A and ν were then substituted into the affinity distribution
equation (Eq. 2.5) and plotted in a ln N (Ki) versus ln K format. The affinity distributions
for each of the eight different MIPs made with increasing percents of (S)-CPA as
template are shown in figures 2.7a and 2.7b; affinity distributions for (S)-CNA and (S)nicotine can be found in the appendix B. The eight affinity distributions were again
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divided into two different graphs: region I for those with 0% - 10% template [e.g., figure
2.7a for (S)-CPA]; and region II for those with 10% - 100% template [e.g., figure 2.7b for
(S)-CPA]. Region I in figure 2.7 shows an upward movement of the affinity distribution
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Figure 2.7. Affinity distributions for (a) Region I, (S)-CPA MIPs, with 0%(z), 1%(),
2%(▲), 5%({), and 10%( ) and Affinity distributions for (b) Region II (S)-CPA MIPs
with 10%(z), 20%(), 50%({), and 100%( ) in log-log format. Values for K was
approximated by choosing experimentally determined values of free concentration of Ssubstrate (Cf = 1/K). Values for N were then calculated for each value of K using
equation 2.6. Affinity distributions for (S)-CNA and (S)-nicotine MIPs can be found in
Appendix B.
as the amount template increases to a maximum at 10%. Either the Freundlich
parameters A or ν or both, are reflected in the upward movement of the affinity
distribution (for details see Chapter 1); this upward movement of the affinity distribution
represents an apparent increase in number of binding sites for a specific range of ln K
values. After the maximum at 10% template, region II shows the downward movement
of the affinity distribution as the amount of template is further increased from 10%. In
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addition to the influence on the vertical position of the affinity distribution, the
Freundlich parameter ν also influences the slope in the affinity distribution. The
parameter ν ranges between 0 and 1, and is used to characterize heterogeneity of binding
sites within MIPs.2.9,2.11 As the values of ν approach 0, the affinity distribution describes
more heterogeneous binding sites in the MIPs, and the slope becomes more horizontal.
Region I shows a slight change in slope, and thus ν, as the template increases from 0% 10%. However, further increasing percent template in Region II decreased the
heterogeneity of the MIP binding sites.
c.

Number of Binding Sites
Numbers of binding sites (N) were calculated using equation 2.6, employing the

same Kmin and Kmax for each series of MIPs. Figures 2.8 a-c shows the number of
binding sites versus the percent template for (a) (S)-CPA, (b) (S)-CNA, and (c) (S)nicotine. Each figure is divided into two regions Region I and Region II. Region I in
figure 2.8a shows continuous increasing number of binding sites as the template was
increased from 1% to 10%, which corresponds to the upward movement of affinity
distributions (figure 2.7a). However, as percent template was further increased from 10%
to 20% the number of binding sites falls steeply and further increasing amount of
template from 20% appears to level off the number of binding sites at a very low value
(Region II in figure 2.8a). A similar pattern is also observed from the data for (S)-CNA
MIP series (figure 2.8b): Region I shows increasing numbers of binding sites until 10%
template; Region II shows a more gradual decrease in N as the percent template increases
from 20% to 100%. The data for the (S)-nicotine MIP series shown in figure 2.8c, also
gives a graph similar to figures 2.8a and 2.8b.
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Figure 2.8. The values of number of binding sites (N) versus varied percent template for
(a) (S)-CPA, (b) (S)-CNA, and (c) (S)-nicotine MIPs. Values for N were calculated
using equation 2.6 and the range of association constants used to calculate the values for
N was 20-500M-1, 300-10,000 M-1, and 100-10,000 M-1 for (S)-CPA, (S)-CNA, and (S)nicotine MIPs, respectively.
These results are in agreement with the previously published selectivity data for a
similarly formulated series of (S)-nicotine MIP.2.4 To explain their result, the authors
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suggested a model which correlates number of functional monomers in association with
the template in pre-polymerization mixture and the performance of the resulting
polymers. According to their model (shown as part of Scheme 2.2), initial increasing
amount of template which is still at a low level (relative to functional monomer) would
drive the equilibrium from complex I toward complex II (functional monomer:template
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Scheme 2.2. Postulated model relating complex structure with binding site structure and
the resulting quality of binding site for nicotine imprinted polymers (adapted in part from
ref. 2.4).
ratio of 2: 1) which is responsible for the most selective binding sites. This equilibrium
shift accounts for the observed increase in selectivity. The presence of higher amount of
template was proposed to form complex III; and this incomplete pre-organization state is
responsible for the decreased selectivity. Further increase in the amount of template
would give more and more complex III explaining the continual decrease in selectivity.
For a series of (S)-nicotine MIPs, the changes in number of binding sites with increasing
amount of template as shown in figure 2.8c also supports the binding model proposed by
Andersson et al. (Scheme 2.2). Initial increase in the amount of template increases
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number of completely pre-organized state (complex II) which is reflected by the
increasing number of binding sites or binding capacity. The apparent decreasing number
of binding sites at some maximum value might be interpreted as a loss of superior
binding sites (complex II) which are replaced by inferior sites (complex III), resulting in
the overall loss of binding capacity.
For the series of (S)-CPA MIPs, the graph of N vs. % template (figure 2.8a) does
not support the previously proposed binding model. The (S)-CPA template has only one
amine group to interact with functional monomers (scheme 2.3). Thus, the (S)-CPA
template would be expected to exist in only two states in the pre-polymerization

NH

MAA

+

NH2

O
O

high
affinity
sites

Scheme 2.3. Postulated model based on the previously proposed solution model (ref 2.4)
relating complex structure with binding site structure and the resulting quality of binding
site, for (S)-CPA imprinted polymers where the complex has only one interaction
between functional monomer and template.
mixtures, the complexed template and the uncomplexed template for concentrations of
template above 0.003 M in chloroform.2.12-2.15 As previously stated, increasing the
amount of template should increase the number of binding sites (figure 2.8). However,
any excess amount of template would not be expected to affect binding site formation
after some critical percent template (e.g. 20% template in figure 2.9). After all of the
functional monomer is complexed, the excess amount of template will not have any
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functional monomer left to complex with; thus the excess amount of template is not
expected to increase the number of binding sites. Additionally, no decrease in the
number of binding sites with the excess template would be expected, since all functional
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Figure 2.9. Theoretical behavior predicted for the graph of N versus percent template as
template is increased for a model that has only one interaction between functional
monomer and template.
monomer will remain complexed. In other words, the number of total binding sites
would remain the same after the critical amount of template is added until the maximum
100% template is reached. However, figure 2.8a does not have the predicted graph, as in
figure 2.9; and this same predicament exists for (S)-CNA (and figure 2.8b versus figure
2.9) as well.
This apparent decreasing number of binding sites, as observed in figures 2.8, is
the consequence of calculating the number of binding sites within the limited range of
association constants. Figures 2.10 illustrate the two ways to obtain a decreasing number
of binding sites. The first way is to move the vertical position of the affinity distribution
in ln K vs ln N format in the downward direction (i.e., the movement from straight line to
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broken line), as shown in figure 2.10a, and this downward movement of the affinity
distribution means decreasing binding capacity. The second way is to increase absolute
value of the slope (i.e., a steeper slope) in the affinity distribution, as shown by the
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Figure 2.10. Affinity distributions generated by changing (a) vertical position and (b)
slope from the straight line to the broken line.
leftward movement of the affinity distribution (i.e., the movement from straight line to
broken line) in figure 2.10b. This increase in the absolute value of the slope indicates the
replacement of the high affinity sites with the low affinity sites. However, when the
number of binding sites is calculated within the limited range of association constants
(e.g., between ln K values of 2 and 3 M-1 in figures 2.10), this leftward movement of the
affinity distribution would also give a decreasing number of binding sites, even though
the binding capacity does not decrease. This reasoning was further supported by
calculating the number average association constant introduced in the next section.
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d.

Number Average Association Constant
The number average association constant (Kn) was calculated according to

equation 2.21 in the computational methods section. For each MIP in a series, Kn was
graphed in figures 2.11 a-c versus the percent template of (a) (S)-CPA, (b) (S)-CNA, and
(c) (S)-nicotine, respectively. Again, the graph can be divided into 2 regions, Region I
and Region II, which correspond to Regions I and II for the binding isotherms and
affinity distributions.
For the series of (S)-nicotine MIPs, a continuous increase in Kn is observed as the
template increases from 1% to 10% (Region I in figure 2.11c). The increase in Kn is due
to the increase in the number of specific binding sites with simultaneous decrease in the
number of non-specific binding sites at the low level of template. Region II in figure
2.11c shows a sharp decrease in Kn as percent template is increased to 20%, and then
levels off as template is further increased to 100%. The decrease in Kn is explained by
the model shown in scheme 2.2; less specific binding sites are formed by 1:1 functional
monomer:template complexes at high levels of template versus 2:1 functional
monomer:template complexes at low levels of template, resulting in the decrease in Kn at
high levels of template.
A similar graph of Kn versus percent template for (S)-CPA is shown in figure
2.11a. Region I in figure 2.11a shows a continuous increase in Kn as template increases
from 1% to 10%, presumably due to the replacement of non-templated binding sites with
templated binding sites, which is responsible for specific binding sites. In addition,
Region II shows a decrease in Kn as percent template is increased to 100%. As before,
this occurs if less specific binding sites are created as percent template is increased. This
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Figure 2.11. The values of the number average association constant (Kn) for (a) (S)CPA, (b) (S)-CNA, and (c) (S)-nicotine MIPs. Values for Kn were calculated using
equation 2.21 and the range of association constants used to calculate the values for Kn
was 20-500M-1, 300-10,000 M-1, and 100-10,000 M-1 for (S)-CPA, (S)-CNA, and (S)nicotine MIPs, respectively.
suggests that there are higher order complexes for methacrylic acid with (S)-CPA that
give rise to more selective binding sites than 1:1 functional monomer: template
complexes. However, the model for (S)-CPA (scheme 2.3) supports only a 1:1 complex
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in the pre-polymerization mixture, imposing difficulty in contemplating an incompletely
pre-organized state at high levels of template, as suggested by the model shown in
scheme 2.2.
Additionally, the possible changes in the polarity of the pre-polymerization
mixture by the increasing amount of the template does not seem to explain the observed
deterioration of the binding sites at high levels of template. Table 2.3 shows that
chloroform has virtually the same polarity as the secondary amines (and the primary
amine, benzylamine), which are representative of the (S)-CPA and (S)-CNA templates
used in our study.2.16 Thus, large amount of template is not expected to change the
polarity of the pre-polymerization mixture, which would change the strength of templatefunctional monomer interactions.
In the case of (S)-CPA, figure 2.11a shows that maximum performance (i.e.
maximum Kn) occurs when the ratio of functional monomer: template is 2:1. Therefore,
a model similar to the two-point binding of nicotine (scheme 2.2) can be applied to (S)CPA as shown in scheme 2.4. Here, two (but the general model is not limited to two)
methacrylic acid groups are restricted to close proximity and share binding with the (S)CPA. This is possible via a bifurcated (or trifurcated, etc.) geometry, as illustrated in
scheme 2.4, which may occur during the later stages of the polymerization arising from
aggregation of more-polar groups and phase separation from the bulk of less-polar
polymer. Because of the difficulty of characterizing the binding site structure during and
after polymerization, the actual events determining the final binding site structure are still
unknown. However, it is reasonable to hypothesize that phase separation phenomena that
take place during polymerization could allow for the aggregation of polar functional
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Table 2.3. Dielectric constants for representative compounds
Entry

Compound

Dielectric
Constant (ε)

1

Chloroform

2

NH2

4.8069
5.18

benzylamine
3

N
H

3.446

dibenzylamine
4

N
H

2.765

dibutylamine
5

3.68

N
H

diethylamine
6

H
N

4.547

cyclohexylamine

groups in binding site "pockets". This would give rise to binding sites with multiple
functionality coupled with shape selectivity afforded by the binding cavity formed around
the template. These multiple functional monomers within a binding sites may account for
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greater fidelity of the imprinted site, and thus may be responsible for greater affinity and
selectivity to the binding site.
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Scheme 2.4. New model proposed to relate complex structure with binding site structure
and the resulting quality of binding site for singly-functionalized templates such as (S)CPA, based on the data in figures 2.8 and 2.11.
2.2.3

Absence of Morphological Effects

A.

Chemical Composition
The possibility for leaching of methacrylic acid by the increasing amount of

template was tested. This leaching might be severe as the amount of the template
increases. Thus, the incorporation of MAA in polymers with different template
concentrations was estimated from an abridged survey of four polymers that spanned the
full range of template concentrations. The characteristic peak for MAA in the range of
3300-3500 cm-1, which corresponds to the carboxylate OH stretch, was used to quantify
the amount of MAA in the polymer (Figures 2.12). As an internal standard the C-H peak
from the glycol unit of EGDMA at 950 cm-1 was used. The ratio of the area under the
carboxylate OH peak of MAA over that found for the C-H peak of EGDMA was used to
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Figure 2.12. FT-IR spectra of polymers with (a) 0%, (b) 1%, (c) 10%, (d) 100%
template. The arrow at 950 cm-1 indicates the C-H stretch of the glycol unit of EGDMA,
and the arrow at the broad band around 3440 cm-1 indicates the O-H stretch of the
carboxylate group of MAA. The arrow at 1639 cm-1 indicates the vinyl C-H bending,
which is a measure of the unreacted double bonds of EGDMA.
compare the MAA content of the different polymers (table 2.4). The data in the second
column of table 2.4 show the relative amounts of MAA to EGDMA give roughly the
same values. This result shows that the chemical compositions of the different MIPs are
roughly the same, with no leaching of functional monomer as percent template is
increased. Furthermore, the degree of crosslinking determined from the ratio of the vinyl
C-H peak over the internal standard (third column in table 2.4) shows that all MIPs have
roughly the same degree of pendant double bonds from uncrosslinked EGDMA. Thus,
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even though increasing the amount of template changes the distribution of monomers in
the MIPs, the polymer composition and degree of crosslinking are unaffected.
Table 2.4. FT-IR Analysis of different (S)-CNA imprinted polymers
Normalized –OH peak area

Normalized vinyl C-H peak

from the carboxylic acida

areab

0

8 ± 1.1

0.64 ± 0.077

1

10 ± 2.3

0.7 ± 0.12

10

11 ± 1.0

0.57 ± 0.019

100

15 ± 1.7

0.72 ± 0.057

% Template

a

The net peak area of the carboxylic acid OH stretch was determined in the absorbance
mode between the integration limits of 3750 and 3250 cm-1 ,and this net area was
normalized against net reference with integration limits between 990 and 920 cm-1.
b
The net peak area of vinyl-proton was determined in the absorbance mode between the
integration limits of 1660 and 1580 cm-1 and this net area was normalized against net
reference with integration limits between 990 and 920 cm-1.
B.

Morphology
Changing the amount of template in each series plays a role in determining the

final pore structure of the polymers. The presence of solvent (porogen) influences the
surface area and porosity in the MIP network polymers during polymerization.2.17 The
timing of phase separation of the porogen from the growing polymer chains determines
the pore architecture within the network polymer matrix. For example, a poor solvent
(i.e. theta solvent) leads to early phase separation in the polymerization, leaving larger
pores and modest to large surface areas. On the other hand, good solvents, such as
chloroform used in this study, do not lead to phase separation well and limit the porosity,
providing low surface areas. Figure 2.13 shows the change in surface area and pore
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volume as percent template was increased. Low porosity and surface area are seen from
0% - 20%, where chloroform is the dominant porogen. Nicotine, and any other polar
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Figure 2.13. Graphs of (a) surface area (m2/g) and (b) pore volume (ml/g) versus percent
template for (S)-CPA MIPs (similar data for the MIPs to (S)-CNA and (S)-nicotine can
be found in the Appendix B).
solvent, is a poor solvent and would be expected to give greater surface area and porosity,
as seen in figure 2.13 for 20% - 100% template. Dramatic changes in pore structure
appear to begin in the range of 20% and 50 %. On the other hand, binding performance of
a series of the MIPs showed large changes in the range of 10% and 20% as shown in
figures 2.8 and 2.11. Thus, there does not appear to be any correlation of binding
properties with surface area or total pore volume. This agrees with earlier porosity
studies on MIPs,2.18 where there was found to be no correlation of surface area or porosity
with MIP performance.
2.2.4

Chromatographic Results
Binding performance of a series of the MIPs was tested in chromatographic mode

by calculating capacity factors and selectivity. Figure 2.14(a) shows that increasing the
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amount of (S)-CPA from 0% to 10% increased capacity factors of (S)-CPA as well as of
(R)- CPA. Further increase in the amount of template from 10% to 100% gradually
decreased the capacity factors for the substrates. The same observations were made for
(S)-CNA imprinted polymers (Figure 2.14 (b)) and (S)-nicotine imprinted polymers
(Figure 2.14 (c)). These trends observed for the capacity factors of (S)-substrates are in
agreement with the trends observed in Kn and N from the binding data (Figures 2.8 and
2.11).
Figures 2.15 show selectivity toward imprinted molecules. For all of the
polymers, an initial increase in selectivity was observed when the amount of template
increased from 0% to 2%. Maximum selectivity was observed when the amount of the
template was between 2 and 5% for (S)-CPA and (S)-CNA imprinted polymers. For (S)nicotine imprinted polymers, maximum selectivity was observed between 5 and 10% (S)nicotine. Additional increases in the amount of template resulted in the gradual decrease
in the selectivity for (S)-CPA (Figure 2.15 (a)) and for (S)-CNA (Figure 2.15 (b))
imprinted polymers. However, additional increases in the amount of template from 10%
(S)-nicotine resulted in the dramatic decrease in the selectivity (Figure 2.15(c)). The
larger influence of the percent template on the enantiomer separation of (S)-nicotine
versus (S)-CPA (or (S)-CNA) imprinted polymers indicates that multiple binding
interactions in the solution phase might be an additional factor in determining the binding
performance of the resulting polymers. Additionally, the results from the
chromatographic studies showed that the polymer with highest binding ability for the
imprinted molecule does not always give the highest selectivity toward the imprinted
molecule.
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Figure 2.14. Capacity factors (k') of (S)-substrates (
a series of polymers imprinted with (a) (S)-CPA, (b) (S)-CNA, and (c) (S)-nicotine as a
template.
2.3.

Conclusions
The results from this study have provided evidence for multiple functional groups

in a MIP binding site, which can not be rationalized based on the structure of solution
phase pre-polymer complexes. Templates with only one functional group interact with
methacrylic acid by 1:1 stoichiometry in solution phase as determined by Job’s plots.
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Figure 2.15. Selectivity (α) for a series of polymers imprinted with (a) (S)-CPA, (b) (S)CNA, and (c) (S)-nicotine as a template.
However, binding performance of the final imprinted polymer deteriorated for the
polymers imprinted with an excess amount of template, indicating multiple methacrylic
acid groups within the MIP binding site. The absence of polarity changes with excess
amount of template in the pre-polymer mixtures, and the absence of morphology and
chemical composition changes within each series of the polymers further confirmed the
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existence of multiple function groups in the binding sites. This would mean, at least in
the case of (S)-CPA and (S)-CNA, that the binding site structure is not determined by
"locking-in" the solution phase pre-polymer complex; rather, it is determined during
polymerization. Finally each series of imprinted polymers was evaluated in
chromatographic mode by HPLC. The trends observed in capacity factors for the
polymers were in agreement with the trends observed in N and Kn. On the other hand, the
results from enantiomer separation by HPLC showed that the polymers with the highest
binding ability for the imprinted molecule did not always give the best enantioselectivity.
2.4

Future Work
The first interesting future work might be applying the expectation-maximization

method (EM) to the binding data of the different imprinted polymers used in this study.
The EM method, which has been previously discussed in Chapter 1, has shown better
resolution than the affinity spectrum method used in this study.2.19 Thus, utilizing the EM
method might afford separate analysis on the low affinity and the high affinity binding
sites of the different percent template imprinted polymers. The second intriguing future
work might be quantifying the number of functional groups in the binding site of the
MIPs. Isotope-enriched substrates and heteronuclear two-dimensional NMR methods
have been successful used to quantify the occupancies of the substrates in each site on a
protein.2.20 This method might be also successfully used to quantify the number of
functional groups in the individual binding site of the MIPs.
2.5

Experimental

General Procedures. Unless otherwise stated, chemicals were commercially
available (Aldrich-Sigma Chemical Company) and used without further purification. All
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solvents were obtained from commercial sources and used as is. Ethylene glycol
dimethacrylate (EGDMA, Aldrich) was distilled under reduced pressure (60mm Hg,
120ºC). Methacrylic acid (MAA, Aldrich) was distilled (60mm Hg, 70ºC)
General Procedure for the Preparation of Template Molecules. A 50 mL round
bottom flask was charged with 8 mmol of a template molecule and one equivalent of
cyclohexanone (8 mmol) in 20 mL 1,2-dichloroethane (DCE) was added at room
temperature. Under nitrogen atmosphere, 12 mmol of sodium triacetoxyborohydride and
8 mmol of acetic acid were added into the mixture. The reaction mixture was then sealed
and allowed to stir overnight at room temperature. After stirring overnight, 1 M NaOH
was added to quench the reaction. Phases were separated and the aqueous phase was
extracted with ethyl ether (3 × 20 mL). The combined organic phase was dried over
MgSO4, filtered and concentrated under reduced pressure. The residue, pale yellowish
oil, was separated by flash chromatography with ethylacetate/triethylamine (90/10). After
the flash chromatography, a pale yellowish oily liquid was obtained in 90% yield.
Cyclohexyl(phenylethyl)amine ((S)-CPA) (2.1). This compound was synthesized
according to literature methods.2.21 1H NMR (CDCl3, TMS, 250 MHz): δ 7.27 (m, 5H),
3.95 (q, 1H, J = 6.39 Hz), 2.27 (m, 1H), 1.97 (m, 1H), 1.65 (m, 3H), 1.54 (m, 1H), 1.31
(d, 3H, J = 6.85 Hz), 1.09 (m, 6H).

13

C NMR (CDCl3, TMS, 62.5 MHz): δ 146.35,

128.35, 126.64, 126.43, 54.42, 53.59, 34.57, 33.23, 26.18, 25.22, 25.05, 24.90. FT-IR
(CHCl3): 3082.18, 3061.43, 3023.67, 2935.92, 2851.46, 1592.23, 1492.23, 1449.16,
1367.08, 1346.58, 1320.39, 1300.97, 1273.79, 1203.88, 1180.58, 1128.20, 1074.70,
1027.09, 970.87, 904.85, 889.17, 883.83, 760.67, 700.21, 582.52, 551.91.

60

Cyclohexyl-(1-naphthalen-2-yl-ethyl)-amine ((S)-CNA) (2.2).2.22 1H NMR (CDCl3,
TMS, 250 MHz): δ 8.18 (d, 1H, J = 7.77 Hz), 7.85 (d, 1H, J = 9.59 Hz), 7.72 (d, 1H, J =
7.77 Hz), 7.64 (d, 1H, J = 5.94 Hz), 7.47 (m, 3H), 4.84 (q, 1H, J = 6.39 Hz), 2.39 (m,
1H), 1.97 (m, 1H), 1.82 (m, 1H), 1.64 (m, 1H), 1.52 (m, 1H), 1.45 (d, 3H, J = 6.853 Hz),
1.38 (m, 1H), 1.09 (m, 5H).

13

C NMR (CDCl3, TMS, 62.5 MHz): δ 141.94, 133.97,

131.28, 128.95, 126.93, 125.69, 125.21, 122.86, 122.65, 53.87, 49.61, 34.54, 33.70,
26.17, 25.28, 24.99, 24.46. FT-IR (CHCl3): 3413.59, 3328.16, 3052.43, 2924.21,
2851.07, 1592.23, 1502.91, 1447.44, 1390.29, 1359.22, 1343.69, 1254.37, 1219.42,
1165.05, 1129.17, 1075.73, 1021.36, 994.17, 966.99, 885.44, 854.37, 798.68, 777.42,
679.61, 609.71, 570.87.
Polymer Preparation. Various amounts of a template molecule ((S)-nicotine, (S)CPA or (S)-CNA) and MAA were dissolved in the porogen (chloroform) in a 25-mL
scintillation vial. EGDMA and AIBN were then added into the mixture. The same
polymer compositions were used for all of the templates used for this study (Table 1).
The monomer mixture was purged with nitrogen for 5 min, capped and then sealed with
teflon tape and parafilm. Polymerization was initiated photochemically by a standard
laboratory UV light source (medium pressure 450 W mercury arc lamp) at 20ºC for 10h,
followed by heating at 80ºC for 24 h. The polymers were ground by a mortar and a pestle
and sized in methanol through 25-38µm sieves (VWR Scientific). Particles in the 2538µm size ranges were used for further experiments.
Batch Rebinding Studies. The following procedure is general for all polymers used
to establish binding isotherms (bound (Sb) versus free(Cf) substrate concentration) for
batch rebinding studies unless otherwise stated. A stock solution of a template was
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prepared in the same solvent system used in HPLC studies. 5 mL of diluted solution
from the stock solution was added to 50 mg or 0.1 g of polymers (25-38 µm size ranges)
in a 20-mL scintillation vial. Three samples were made for each solution. The vials were
shaken for 17 h and the polymers were separated by filtration. The concentration of free
substrate (Cf) was determined using a calibration curve established by UV spectroscopy
(Spectro-Max Plus). The concentration of bound substrate per gram of the polymer (Sb)
was calculated by subtracting the free concentration from the initial concentration of the
substrate and divided by the amount of the polymer.
Curve Fitting. The Experimental binding isotherm (Sb versus Cf ) for each series of
the polymers was fit to the Freundlich equation (equation 2.2) by non-linear regression
using the software program SigmaPlot 7.101.2.10 The best-fit values for A and ν were
obtained by varying these parameters one at a time, and finding the best fit by minimizing
the sum-of-squares (SS). The goodness of fit was validated by obtaining correlation
constant values (R2) in the range of 0.972 to 0.999. Standard deviation calculated using
SigmaPlot 7.101 was reported as error in the fitting parameters (A and ν).
FT-IR analysis. FT-IR data was collected on a Nicolet FT-IR spectrometer.
Polymers were first washed with MeOH using Soxhlet extractor and dried overnight
under vacuum. Dried polymer sample (~ 2 mg) was mixed with dry KBr (~ 98 mg) and
the mixture was ground with a mortar and pestle. The resulting homogeneous mixture
was then pressed in a dye for 20 min to make a homogeneous film. FT-IR spectra with
auto baseline corrections were obtained for each abridged survey of four (S)-CPA
imprinted polymers that spanned the full range of template concentrations (i.e., 0, 1, 10,
100% (S)-CPA). To compare the amount of MAA in the series of (S)-CPA imprinted
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polymers, the ratio of area under the carboxylate OH peak of MAA (3250-3750 cm-1)
over that calculated for the C-H peak of EGDMA (920-990 cm-1) were used.
Furthermore, the amount of unreacted double bonds in the series of (S)-CPA imprinted
polymers was compared by calculating the ratio of area under the vinyl C-H bending of
EGDMA (1580-1660 cm-1) over that found for the C-H peak of EGDEM (920-990 cm-1).
For the quantification, peak areas were used instead of peak heights because of the broad
and non-symmetrical peaks observed for the OH peak of MAA. Additionally, peak areas
are better suited for quantitative analysis than peak heights because random errors are
canceled out by adding together all the absorbances in a specified wavenumber range
(peak areas) improving the quality of the data.
Surface Area and Pore Analysis. Nitrogen adsorption/desorption measurements
were done using a Quantochrome Autosorb-1 Porosimeter. Samples (0.1-0.5 g) were
degassed at 150°C overnight under vacuum before data collection. Surface area was
determined using a five-point adsorption isotherm between 0.05-0.20 p/p0, and the BET
method was used to calculate the surface area. Pore distribution was analyzed by the
BJH method using a 27-point adsorption isotherm.
Template-monomer Complexes in a Solution. The typical procedure for the 1H
NMR titration experiments of the templates with MAA was the following: stock solutions
of the template (30 mM) and MAA (500 mM) were prepared in CDCl3. A 0.5 mL aliquot
of the stock solution of the template was transferred to eight NMR test tubes, and
different aliquots of the stock solution of MAA and CDCl3 were added to have molar
ratios of MAA to the template from 0 to 2 in a total volume of 0.7 mL. 1H NMR spectra
were recorded and the chemical shift of the protons of the template was followed and
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TMS was used as an internal standard. The stoichiometry of the complex between a
template and MAA was determined by the Job plot. Stock solutions of the template and
MAA were prepared in CDCl3. The aliquots of two stock solutions were added in eight
NMR tubes. Total concentration of the template and MAA was kept constant and molar
fraction of MAA was varied at the total volume of 0.8 mL. The 1H NMR was taken at
room temperature (20°C) and the change in chemical shift of protons on the template was
used to calculate the complex concentration. The complex concentration was calculated
using the product (δobs-δT)fT. (δobs-δT) is the changes in chemical shift of the protons on
the template and fT is the molar fractions of the template in the presence of MAA. The
complex concentration was plotted against the molar fractions of MAA.
Chromatographic Studies. The particles (25-38µm size ranges) were slurry packed
into stainless steel HPLC columns (100×4.6 mm) using a Beckman 110B solvent delivery
system. The columns were washed overnight with acetronitrile-acetic acid (1:1 v/v), at a
flow rate of 0.1 ml/min, to remove any residual template from the polymers.
Chromatographic evaluations were done isocratically at room temperature using a Hitachi
L-7100 pump and a Hitachi L-7400 UV detector. Unless otherwise stated, acetone was
used to determine the void volume. Flow rate, mobile phase and substrate conditions are
stated in the results section for different sets of the polymers. The capacity factor (k′)
was determined by the relation k′ = (t-t0)/t0, where t is the retention time of a substrate
and t0 is the void volume. The separation factor (α) was determined as the ratio of
capacity factors (k′S/k′R).
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CHAPTER 3
SOLVENT EFFECTS IN MOLECULARLY IMPRINTED POLYMERS1

3.1

Introduction
Molecularly imprinted polymers utilize a solvent (referred to as porogen) in

polymerization mixtures to provide porosity within the network polymer. This serves to
facilitate mass-transfer of analytes to and from the binding sites. The volume of porogen
used is generally half of the total volume of the mixture, and creates pores by phaseseparating into channels during polymerization.3.1 Thus, porogen parameters such as
polarity and hydrogen-bonding are important in determining the final morphology of the
network structure and porosity.
The porogen parameters also have an important impact on the molecular
recognition properties of MIPs during rebinding, a fact that is often neglected in MIP
studies. A number of reports in the literature indicate that the best recognition of
imprinted polymers occurs when the rebinding medium is the same solvent used in the
polymerization (porogen).3.2-3.7 Based on limited data, this solvent specific behavior of
the imprinted polymers has been explained in terms of the solvating properties of the
solvents.3.2 The solvating ability of the porogen for polymer chains during
polymerization has been suggested to adjust the shape of the binding sites and the
distance between the functional groups in the binding sites. Thus, the ability of the
rebinding medium to recreate the binding site dimensions formed during the

Reproduced with permission from [Macromolecules], submitted for publication.
Unpublished work copyright [2004] American Chemical Society.
1
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polymerization determines the binding performance of the polymers in the rebinding
medium.
This paper reports an expanded study on solvent effects in molecularly imprinted
polymers and their impact on selectivity in MIPs to evaluate the current understanding of
the solvent effects. Thus, a series of (S)-cyclohexyl(2-naphthylethyl)amine ((S)-CNA)
imprinted polymers were prepared in several solvents that have different solvating
properties for the polymers. Several rebinding mediums were also employed to
investigate the selective binding of the MIPs by HPLC and batch rebinding experiments.
Correlation between polymer-solvent interactions and enantioselectivity of the MIPs, and
visual inspection of Benesi-Hildebrand plots of the enantiomers in the different solvents
provided the insight into the solvent specific enantioselectivity of the MIPs.
3.2

Results and Discussion
Four polymers were made using (S)-CNA as a template and using four different

solvents as porogens. The porogens used in this study were acetonitrile (MeCN), toluene
(Toluene), chloroform (CHCl3), and methylene chloride (CH2Cl2). Except for the
porogens, the amounts of the other components in the polymer formulae were kept the
same (Table 3.1).
3.2.1

Solvent Specific Behavior of the Imprinted Polymers
The enantiomer separation factors (α) of the imprinted polymers in different

mobile phases were used to investigate solvent effects. To elute the substrates within a
reasonable time period, 10% AcOH was added in each of the different mobile phases.
The α values of the imprinted polymers, summarized in Table 3.2, show that the mobile
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phase affects enantioselective binding of the imprinted polymers. Especially, in
agreement with a previous report by Mosbach et al.3.4, the best enantiomer separation of
Table 3.1. Formula compositions for the imprinted polymers synthesized in this study
Polymer

Porogen

(S)-CNA

MAA

EGDMA

AIBN

(mmol)

(mmol)

(mmol)

(mmol)

P1

MeCN

1.58

6.31

25.2

0.64

P2

Toluene

1.58

6.31

25.2

0.64

P3

CHCl3

1.58

6.31

25.2

0.64

P4

CH2Cl2

1.58

6.31

25.2

0.64

the polymers was consistently obtained when the mobile phase was composed of the
same solvent used in the polymerization. For example, the polymers imprinted in MeCN
(P(MeCN)) gave the best α in 90/10 MeCN/AcOH. Similar observations can be made
for the rest of the imprinted polymers.
3.2.2

Absence of Surface Area and Macroscopic Swelling Effect
Previous studies looked at surface area and porosity data to help explain the

trends found in different solvents.3.8 The surface area and porosity of the imprinted
EGDMA/MAA polymers using several solvents as porogens were characterized by
nitrogen adsorption porosimetry. Data from these experiments determined that MeCN or
Toluene3.9 used as a porogen gave polymers with larger pore sizes and high surface areas
(greater than 200 m2/g); however, polymers made using CHCl3 or CHCl2 gave essentially
non-porous materials with surface areas less than 4 m2/g.3.8 An important conclusion
drawn from this data is that surface area is not needed for a significant imprinting effect
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Table 3.2. Influence of mobile phase on the enantiomer separation of the (S)-CNA
imprinted polymers using different porogens
90/10 Mobile phase/AcOH
Polymer
(Porogen)

MeCN

Toluene

CHCl3

CH2Cl2

P(MeCN)

2.66

2.02

1.52

1.74

P(Toluene)

1.74

2.33

1.00

1.64

P(CHCl3)

1.62

1.67

2.39

2.00

P(CH2Cl2)

1.63

2.20

2.25

2.49

to be seen, and that the imprinted sites are not on the surface of the imprinted polymer.
Thus, it was concluded that changes in the surface properties of the imprinted polymers
in different solvents are not responsible for the solvent-specific behavior of the MIPs.
These previous studies also investigated morphological swelling properties on
binding capacity and enantioselectivity of MIPs formulated with different porogens.3.8
The swelling data for each of the different polymers was determined using only one
solvent, acetonitrile. However, no correlation was found between swelling properties
and polymer selectivity. For the study presented here, the data on swelling behavior of
the MIPs made using different porogens was expanded to include swelling of each of the
polymers in each of the four solvents. Initially, data was collected following the method
published by Sellergren and Shea;3.8 however, difficulties due to buoyancy (i.e. the
polymers float) were encountered for swelling the polymers in chlorinated solvents.
Therefore, a new technique was employed by measuring changes in volume for a single
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bead,3.10 where the size of individual polymer particles was observed under a microscope
in the absence and presence of solvent for each of the four solvents. The particles were
photographed in swollen and unswollen states, and the ratios in area were calculated to
give the percent swelling, shown in table 3.3. Due to the irregular shapes and different
sizes among the particles, individual particles were followed from the swollen state to the
dry state.
Table 3.3. Swelling of the imprinted polymers*
Polymer (porogen)
Solvent

P(MeCN)

P (Toluene)

P(CHCl3)

P(CH2Cl2)

MeCN

1.0 ± 0.17

1.02 ± 0.076

1.19 ± 0.094

1.4 ± 0.15

Toluene

1.09 ± 0.072

1.1 ± 0.070

1.2 ± 0.12

1.6 ± 0.11

CHCl3

1.02 ± 0.032

0.97 ± 0.026

0.96 ± 0.061

1.2 ± 0.24

CH2Cl2

1.05 ± 0.076

1.0 ± 0.16

0.95 ± 0.076

1.2 ± 0.36

*

swelling of the polymer was expressed as the area of swollen particles/area of dry
particles.
The swelling data in table 3.3 indicate that the polymers with higher surface areas
(i.e., P(MeCN) and P(Toluene)) did not swell significantly in any of the solvents. The
non-porous polymers, P(CHCl3) and P(CH2Cl2), appeared to exhibit anomalous behavior.
First, MeCN and Toluene both showed considerable swelling of P(CHCl3) and
P(CH2Cl2), which seems unusual for non-porous materials. Second, although CHCl3 and
CH2Cl2 are generally considered good solvents for these types of macroporous polymers,
the polymers did not show significant swelling in CHCl3 and CH2Cl2. In the end,
comparison of enantioselectivity (table 3.2) with the swelling data (table 3.3) shows no
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correlation between swelling and selectivity. This is most clearly seen in the selectivity
data in table 3.2 for polymers made with MeCN and Toluene, which show no significant
changes in swelling in the different solvents, but do show significant changes in
enantioselectivity in these solvents. This lack of correlation between swelling and
rebinding selectivity is unmistakably visualized in plots of swelling versus α, which are
shown in figure 3.1. A number of previous reports agree with these findings, that there is
little influence of the macroscopic swelling on the selectivity of the imprinted
polymers.3.8,3.11 In conclusion, swelling of the polymer, at least as measured on the
macroscopic scale in these experiments, is not responsible for the changes in substrate
rebinding to the imprinted polymers.
3.2.3

Effect of the Solvation of the Polymer Chains
In order to gain insight into the effect of solvent on MIPs, the seminal studies by

Sellegren and Shea investigated solubility parameters and hydrogen-bond capacity to
describe relationships between polymer morphology and selectivity.3.8 No correlation
was found between polymer morphology and selectivity; however, the authors did note a
correlation between hydrogen bond capacity of the porogen and polymer selectivity.
Thus, a decrease in selectivity was found as the hydrogen bond capacity of MIP porogens
increased, which is in line with the mechanism of formation of imprinted sites based on
ion-pairing and hydrogen bonding interactions. However, this study only describes the
effect of solvent on the polymers during polymerization. For the work presented here, it
was necessary to investigate solvation properties of the MIPs and their postpolymerization effects on enantioselectivity.
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Figure 3.1. Plots of the enantioselectivity (α) of the (S)-CNA imprinted polymers made
using (a) MeCN, (b) Toluene, (c) CHCl3, and (d) CH2Cl2 as a porogen versus the
swelling.
Prediction of the solvating ability of a solvent for polymer chains has been
evaluated mainly by two different methods.3.12-3.14 The first method was based on the
difference in the one dimensional Hildebrand solubility parameters (δ) between the
polymers and the porogen. The Hildebrand solubility parameter was initially developed
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to describe the enthalpy of mixing two solvents and extended to polymer-solvent system
according to:
∆Hm = V (δ1-δ2)2 φ1φ2
where V is the volume of the mixture, φi is the volume fraction of i in the mixture, and δi
is defined as the square root of the energy of vaporization of species i per cm3 (∆Eiν) per
molar volume of the species i (Vi) and describes the attractive strength between
concerned molecules. To predict the solubility between a polymer and a solvent, δ1 and
δ2 are designated as the Hildebrand solubility parameter of the porogen and the polymer,
respectively. When |δ1-δ2| < 1.0, the solvent solvates the polymer chains, whereas if 1.0<
|δ1-δ2| < 3.0, the solvent does not solvate the polymer chains. The Hildebrand solubility
parameters of solvents usually can be determined directly, correlated with other physical
parameters.3.15 However, the Hildebrand solubility parameters of polymers can only be
determined indirectly using refractive index,3.16 intrinsic viscosity,3.17 turbidimetric
titration,3.18 gas chromatography,3.19 swelling,3.20 calculation from the group contribution
method3.15 etc. For the highly crosslinked polymers which were used in this study, a
correct estimate of δ of the polymers is more difficult due to their cross-linked nature
which, for example, gives rather small swelling factor. Most of the time, the Hildebrand
solubility parameter of the highly crosslinked polymers is approximated to that of the
predominant homopolymers. For our system, the Hildebrand solubility parameter of
poly(methyl methacrylate) was used to approximate that of EGDMA/MAA polymers.
The Hildebrand solubility parameter of the polymers and each of the solvents are given in
polymer handbook and used in this study.3.15 This one dimensional Hildebrand solubility
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parameter approach works reasonably well for the polymer and the solvent interacting
largely by non-polar interactions. However, the prediction of the solvating ability of the
solvent by the Hildebrand solubility parameters breaks down when there are polar forces
or specific interactions, such as hydrogen bonds, which are expected for the polymers
made with EGDMA and MAA.3.12-3.14 The inability of the Hildebrand solubility
parameter to relate solvation behavior to enantioselectivity by the MIPs is clearly seen by
the lack of correlation between the Hildebrand solubility parameter and α, graphically
shown in figure 3.2.
To predict the solvating ability of a porogen for a polymer that has polar and
hydrogen bonding functional groups, Hansen proposed an extension of the Hildebrand
solubility parameter that does consider the contribution from dispersive, δd, dipolar, δp,
and hydrogen bonding, δh, interactions. Using the three dimensional diagram with δd, δp,
δh as coordinates, a given porogen and polymer are represented as two points, and the
distance between the two points (d0) is used to characterize the polymer-solvent affinity,
δt2 = δd2 + δp2 + δh2
d02 = [4(δ1d-δ2d)2 + (δ1p-δ2p)2 + (δ1h-δ2h)2]1/2
where δ1i and δ2i represent the coordinates of the solvent and the polymer, respectively.
The literature defines good solvents as having d0 < 10.0, intermediate solvents with 10.0
< d0 < 12.7, and bad solvents with d0 > 12.7. Table 3.4 shows the solvating power of the
solvents classified according to the polymer-solvent distance (d0) in three dimensional
space. The Hansen parameters for EGDMA/MAA polymers were approximated using
the values for poly(methyl methacrylate). The values of the Hansen parameters (i.e., δd,
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Figure 3.2. Plots of the enantioselectivity (α) of the (S)-CNA imprinted polymers made
using (a) MeCN, (b) Toluene, (c) CHCl3, and (d) CH2Cl2 as a porogen versus the absolute
difference in the one dimensional Hildebrand solubility parameters between the polymers
and the porogen (δ1-δ2).
δp, and δh) for the polymer and each solvent are tabulated in the literature3.15 and used for
the table. The larger value of d0 obtained for Toluene and MeCN indicates that the
solvents are non-solvating for the polymer chains, while the smaller value of d0 obtained
for CHCl3 and CH2Cl2 indicates that the solvents are solvating for the polymer chains.
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Table 3.4. Classification of the solvating ability of the porogens according to the
polymer-solvent vector (d0) in a three dimensional δd, δp, and δh space
Solvent

d0 (MPa)1/2

Classification

MeCN

10.12

Intermediary solvent

Toluene

10.73

10.0 < d0 < 12.7

CHCl3

7.8

Good solvents

CH2Cl2

4.5

d0 < 10.0

To explain solvent effects on enantioselectivity by the MIPs, a connection
between the solvating ability using the Hansen parameters between the solvent and the
porogen for the polymer versus enantioselective behavior was investigated. A
comparison of the enantioselectivity versus the Hansen solvation parameters is shown in
Figure 3.3 for each of the different polymers. Specifically, the figures show the
difference in the Hansen solvation parameters (termed "differential solvation parameter"),
which are estimated by the absolute magnitude of d0,P-d0,S; d0,P and d0,S indicate the
solvating ability of the porogen and the solvent, respectively, for the polymer chains.
The graphs in figure 3.3 show that decreasing enantioselectivity is a general trend for
each polymer as the differential solvation parameter increases. Thus it appears that
polymer-mobile phase solvation differences are a reliable prediction factor for solvent
effects on the nano-dimensional structure of the MIP binding sites. However, swelling
measurements previously investigated appear to be limited primarily to changes in
macroscopic dimensions of the polymer. The selective binding sites in the MIP have
been postulated to arise from the complementary positioning of functional groups, which
are held in place by the polymer matrix. Thus, the optimum binding performance of the
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Figure 3.3. Plots of the enantiomer separation (α) of the (S)-CNA imprinted polymers
made using (a) MeCN, (b) Toluene, (c) CHCl3, and (d) CH2Cl2 as a porogen versus the
differential solvation parameter (|d0,P-d0,S|).
polymers in a solvent that is the same or similar to the porogen are postulated to be due to
the ability of the solvent to recreate the shape and the distance parameters of the binding
cavities formed during polymerization (scheme 3.1).

78

less
solvating

more
solvating

solvent

solvent

the same
or similar
solvent

Scheme 3.1. Solvation effects of the solvents on the binding site dimensions in the
rebinding analysis.
3.2.4

Absence of the Influence of the Chemical Properties of the Solvents
The chemical properties of the solvents in the rebinding analysis have been

reported to influence the binding affinity of the substrates to the imprinted polymers. (S)CNA substrates have an amine functional group; therefore, the imprinted polymers were
made using MAA as a complementary functional monomer. In the organic based mobile
phase, hydrogen bonding interactions between (S)-CNA substrates and the imprinted
polymers would be expected. Thus, a mobile phase with the higher hydrogen bonding
donor parameter (HBD) might interfere more with the binding of the substrates to the
MIP.3.11,3.21 Consequently, in a mobile phase that can interact with the MIP by hydrogen
bonding, the binding affinity of the substrates to the MIP would be expected to decrease.
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Figure 3.4 (a) shows the plots of the capacity factors of (S)-CNA versus the
values of the HBD of the solvents, as taken from the literature.3.22 Increasing HBD
parameters of the solvents decreased the capacity factors of (S)-CNA in the solvents. For
example, in the presence of Toluene (the weakest hydrogen bonding donor solvent), the
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Figure 3.4. The plots of the capacity factors of (S)-CNA versus HBD parameters of the
solvents for the (S)-CNA imprinted polymers made in (a) MeCN, (b) Toluene, (c) CHCl3,
and (d) CH2Cl2.
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interaction of the MIP with (S)-CNA strengthened (k’ of (S)-CNA for the MIP made in
MeCN and CHCl3 was 3.49 and 3.68, respectively). Conversely, in the presence of
CHCl3 (the strongest hydrogen bonding donor solvent), the k’ values of (S)-CNA were
decreased to 0.20 and 1.49 for the MIP made in MeCN and CHCl3, respectively. These
results are consistent with a weaker interaction between the MIPs and (S)-CNA in the
strongly hydrogen bonding CHCl3, thereby resulting in lower k’ value of (S)-CNA.
This good correlation between capacity factors and the HBD parameters of the
solvents does not translate into the enantiomer separation of the imprinted polymers in
the different solvents (figure 3.5). No correlation between HBD and the enantiomer
separation of the polymers was observed. For example, higher α in CH2Cl2 than in
Toluene was obtained for the MIP made in CHCl3, even though CH2Cl2 has higher HBD
values than Toluene (figure 3.5 c). If the solvent interferes with the binding of the
substrates to the selective binding sites, the stronger hydrogen bonding donor solvent
(i.e., CH2Cl2) would decrease the enantioselective binding of the template, resulting in
lower enantiomer separation of the polymers versus weaker hydrogen bonding donor
solvent (i.e., Toluene). Similarly, the low values of α in Toluene and in MeCN in figure
3.5c occur even though Toluene and MeCN have extreme differences in HBD values; this
indicates little influence of the HBD of the solvents on the enantioselective binding of the
tempate to the MIPs. This further supports the solvation model described above for
systematic solvent effects in MIPs as solvent is changed. It should be noted that
hydrogen-bonding is a component of the solvation factors, and is thus accounted for in
the solvation model.
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Figure 3.5. The plots of the enantiomer separation of the (S)-CNA imprinted polymers
made in (a) MeCN, (b) Toluene, (c) CHCl3, and (d) CH2Cl2 versus HBD parameters of
the solvents.
The polarity of the solvents can also influence the binding of the imprinted
polymers. More polar solvents might interfere more efficiently with the hydrogen
bonding interaction between the substrate and the MIP, and/or the substrates tends to
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remain in solution rather than binding to the polymers due to the strong solvation of the
substrate in the polar solvents. Consequently, the capacity factors of the substrates will
be decreased as the polarity of the solvents is increased. Figure 3.6 shows the graph of
the capacity factors of (S)-CNA for the imprinted polymers versus the polarity
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(ET(30))3.22 of the different solvents. In general, the trend shows that increasing polarity
of the solvent decreased the capacity factors of (S)-CNA. The plots of the polarity of the
solvents versus enantioselectivity of the imprinted polymers (Figure 3.7) in the solvents
showed that the enantioselective binding of the template to the MIPs is not influenced by
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the polarity of the solvents. For the polymers imprinted in MeCN or Toluene (figure 3.7
a and b, respectively), better enantioselectivity of the polymers was obtained in the
MeCN based mobile phase than in CHCl3 or CH2Cl2, even though MeCN is the most
polar solvent. Therefore, this result shows that the polarity of the solvents does not
influence enantioselective binding of (S)-CNA to the MIPs.
3.2.5

Benesi-Hildebrand Analysis
To determine how different solvents affect the binding sites of MIPs, the Benesi-

Hildebrand analysis was applied to the batch rebinding data of substrates for the
imprinted polymers in the different solvents. The Benesi-Hildebrand equation (eq. 3.1),
also known as the double reciprocal equation, is obtained by the linear transformation of
the Langmuir equation. The plot of 1/Sb versus 1/Cf yields the reciprocal value of Nt at
the ordinate intercept, while the slope of the plot gives the reciprocal value of KaNt.
1
1
1
1
=
+
Sb N t K a C f N t

(3.1)

where Sb is the amount of bound substrate per gram of the polymer (µmol/g), Cf is the
free concentration of the substrate (mM), Nt is the total number of binding sites (µmol/g),
and Ka is the association constant (mM-1). Figure 3.8 illustrates how the BenesiHildebrand (BH) plot of the substrate for the imprinted polymers was constructed. For
all the imprinted polymers studied, the non- linear Benesi-Hildebrand plot was observed
due to the inherent heterogeneous binding sites of the imprinted polymers. However, we
are primarily interested in high affinity binding sites, which correspond to the low
concentration range of the substrate. The high affinity sites have been shown to be more
selective binding sites in the MIP.3.23 Thus, one straight line was drawn at the lower
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concentration range of the substrate to construct the Benesi-Hildebrand plot for the
imprinted polymers.
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Figure 3.8. The Benesi-Hildebrand plot of the binding isotherm of (S)-CNA in CHCl3
(z) and in Toluene () for the polymers imprinted in CHCl3. The dots are experimental
points, and the solid lines are the linear regression fits with equation 3.1.
The Benesi-Hildebrand plot has been used as a visual tool to distinguish
competitive and non-competitive inhibition in enzyme kinetic studies,3.24-3.28 as well as in
receptors.3.29-3.32 To differentiate the type of inhibition of the enzyme kinetics, the
ordinate intercept and the abscissa intercept of the Benesi-Hildebrand plot have been
used: the constant ordinate intercept of the plot with increasing concentration of the
inhibitor was interpreted as a competitive inhibition; the constant abscissa intercept of the
plot with the increasing concentration of the inhibitor was interpreted as a noncompetitive inhibition. Here, we applied an analogous approach to interpret the binding
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data of the template for the imprinted polymers in different solvents, where the
"inhibitor" is the enantiomer of the (S)-CNA template used.
The BH plots for binding of each enantiomer of the template (S)-CNA to
P(CHCl3) are shown (figures 3.9. a-d) in each of the solvents, acetonitrile, toluene,
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Figure 3.9. The Benesi-Hildebrand plots of (S)-CNA(z) and (R)-CNA() in (a) MeCN,
(b) Toluene, (c) CHCl3, and (d) CH2Cl2 for the imprinted polymers made using CHCl3 as
a porogen.
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chloroform and methylene chloride respectively. In each of these figures, the binding
isotherms for each of the enantiomers intersect at the y-axis for all solvents, indicating
competitive binding is taking place. This interesting observation indicates that binding of
both enantiomers occurs for the same set of binding sites (competitive inhibition),
regardless of the changes (e.g. changes in non-specific binding) to the polymer that occur
in different solvents. This is also shown to be the case for P(MeCN) in figures 3.10. a-d,
without exception, providing convincing evidence that this finding is true for any
polymer in any solvent. This would lead to the conclusion that changes in the binding
selectivity of an MIP as the solvent is changed is due to distortions within the same set of
binding sites that are accessed by each enantiomer.
3.3

Conclusions
The results from this study provided evidences that structural changes of binding

cavities might be responsible for the solvent specific enantioselectivity of the MIPs in the
different solvents. Strong correlation between the enantioselectivtiy of the MIPs and the
polymer-solvent interactions showed that enantioselective binding of (S)-CNA to the
MIPs was maximized when the difference in the solvating ability between a solvent and a
porogen was minimized. This result indicates that the binding site dimensions formed
during polymerization are optimized when the rebinding medium has the same or similar
solvating ability for the polymer chains as the porogen. In contrast, the surface area and
macroscopic volume swelling of the MIPs in different solvents did not exhibit any
correlation with enantioselectivity of the MIP. Furthermore, there was no correlation
between enantioselectivity and hydrogen-bonding parameters or the polarity of the
solvents used, although these have been good indicators of binding affinity in MIPs and
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Figure 3.10. The Benesi-Hildebrand plots of (S)-CNA(z) and (R)-CNA() in (a)
MeCN, (b) Toluene, (c) CHCl3, and (d) CH2Cl2 for the imprinted polymers made using
MeCN as a porogen.
the pre-polymer complex. The last piece of evidence regarding solvent effects on the
geometry of the binding sites was provided by comparing the Benesi-Hildebrand (BH)
plot of the enantiomers. Clear and consistent competitive inhibition shown in BH plots
suggests that all binding events for both enantiomers occur at the same set of binding
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sites, and that changes in performance come from changes in binding sites themselves.
This finding provided evidence for the distortion of the binding sites in the different
solvents. Based on these results, we concluded that the geometrical changes in the
binding cavity and proximity changes between functional group interactions in the
different solvents might be responsible for the solvent specific enantioselective binding
of the MIPs.
3.4

Future Work
Possible future work might be determining the distance of the functional groups in

the binding sites of the MIP to provide more direct evidence of the solvation effects on
the geometry of the binding sites of the MIP in the presence of different solvents. Solid
state NMR spectroscopy using 13C labeled functional monomers seem to be promising for
this purpose. This method has been successfully used to determine distance parameters
in protein-drug interactions.3.33-3.34 It would be interesting to compare the experimentally
determined distance between the functional groups in different solvents with the
corresponding Hansen parameters used in this study. Lastly, increasing the number of
solvents investigated would also be desirable. The choice of the solvents can be made by
calculating the Hansen parameters of the solvents and choosing the solvents that differ
widely in the values of the parameters.
3.5

Experimental

General Procedures. Unless otherwise stated, chemicals were commercially
available (Aldrich-Sigma Chemical Company) and used without further purification. The
synthesis of (S)-CNA was carried as previously described in Chapter 2. All solvents
were obtained from commercial sources and used as is. Ethylene glycol dimethacrylate
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(EGDMA, Aldrich) was distilled under reduced pressure (60mm Hg, 120ºC).
Methacrylic acid (MAA, Aldrich) was distilled (60mm Hg, 70ºC).
Polymer Preparation. Several solvents were used in the polymerization to make (S)CNA imprinted polymers. All of the polymers were prepared in the same fashion, and a
typical example is given here.. To a solution of (S)-CNA (1.58 mmol) in CHCl3 (12 mL)
was added MAA (6.31 mmol), EGDMA (25.2 mmol) and AIBN (0.64 mmol). The
monomer mixtures were added in a 25 mL scintillation vial. The monomer mixture was
then purged with nitrogen for 5 min, capped and then sealed with teflon tape and
parafilm. Polymerization was initiated photochemically by a standard laboratory UV
light source (medium pressure 450 W mercury arc lamp) at 20ºC for 10h, followed by
heating at 80ºC for 24 h. The polymers were ground by a mortar and pestle and sized in
methanol through 25-38µm sieves (VWR Scientific). Particles in the 25-38µm size
ranges were used for further experiments.
Swelling Test using Light Microscopy. A small amount of polymer (25-38 µm) was
suspended in a solvent, and the suspension was pipeted into a capillary tube to prevent
fast evaporation of the solvent while taking a picture of the swollen particles. First the
swollen particles were observed under the microscope at 10 times magnification. After
taking the picture of the swollen particles, the particles were allowed to dry in the air for
a few to several minutes, depending on the solvent. After the particles were completely
dried, the picture of the dried particles was taken. To quantify the degree of swelling,
each of the particles was followed from the swollen state to the dry state. The polymer
particles observed under the microscope have irregular shapes. Thus, the area of each
particle was measured to quantify the degree of swelling in each of the different solvents.
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To measure the area, each particle in the picture was cut out and weighed ?on? a balance.
The weight was converted to area by calibrating 1 inch squares with the corresponding
weights. For each polymer, at least seven particles were followed from the swollen to the
dry state in each different solvent. The degree of swelling was quantified by the ratio of
the area for the swollen particles to that for the dry particles.
Chromatogrphic Studies. The particles (25-38µm size ranges) were slurry packed
into stainless steel HPLC columns (100×4.6 mm), using a Beckman 110B solvent
delivery system. The columns were washed overnight with acetronitrile-acetic acid (1:1
v/v), at a flow rate of 0.1 ml/min, to remove any residual template from the polymers.
Chromatographic evaluations were done isocratically at room temperature using a Hitachi
L-7100 pump and a Hitachi L-7400 UV detector. Unless otherwise stated, acetone was
used to determine the void volume. Flow rate, mobile phase and substrate conditions are
stated in the results and discussion section. The capacity factor (k′) was determined by
the relation k′ = (t-t0)/t0, where t is the retention time of a substrate, and t0 is the void
volume. The separation factor (α) was determined as the ratio of capacity factors
(k′S/k′R).
Batch Rebinding Studies. Unless otherwise state, the following procedure was used
for all polymers to establish binding isotherms (bound (Sb) versus free(Cf) substrate
concentration) for batch rebinding studies. A stock solution of a template was prepared
in several solvents. 5 mL of diluted solution from the stock solution was added to 50 mg
of polymers (25-38 µm size ranges) in a 20-mL scintillation vial. Three samples were
made for each solution. The vials were shaken for 17 h and the polymers were separated
by filtration. The concentration of free substrate (Cf) was determined using a calibration
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curve established by UV spectroscopy (Spectro-Max Plus). The concentration of bound
substrate per gram of the polymer (Sb) was calculated by subtracting the free
concentration from the initial concentration of the substrate and dividing by the amount
of the polymer.
3.6
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CHAPTER 4
AN ORTHOGONAL APPROACH TO MULTIFUNCTIONAL NONCOVALENTLY IMPRINTED POLYMERS1

4.1

Introduction
Molecular imprinting utilizes solution interactions between functional monomers

and a template to create selective binding sites for the template in addition to interactions
with the polymer matrix either by van der Waals interactions or steric interactions.4.1
Thus, functional groups complementary to the template are one of the basis for the
selection of the functional monomer. For example methacrylic acid (MAA) is a typical
functional monomer for a template with basic functional groups.4.2 For templates with
acid functional groups, basic functional monomers such as 2-, or 4-Vinylpyridine (VPY)
have been commonly used.4.3-4.5 For the templates that have an acid as well as a basic
functional group (e.g., amino acids and peptides), the combination of MAA and 2-VPY,
versus only MAA or 2-VPY, has been shown to improve MIP performance.4.6-4.7
Combining two or more functional monomers, however, may bring about the risk
of non-productive interactions among the functional monomers rather than productive
interactions with the template, especially when the functional monomers constitute a
hydrogen bonding donor-acceptor or ionic pair. These non-productive interactions can be
avoided by using functional monomers that do not interact with each other but still
interact cooperatively with the template (orthogonal approach). The concept of mutually
1

Reproduced in part with permission from [Kim, H.; Spivak, D.A. “An Orthogonal
Approach to Multifunctional Molecularly Imprinted Polymers” Org. Lett. 2003, 5(19),
3415-3418.] Copyright [2003] American Chemical Society.
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exclusive functional groups for binding to different parts of a template has been utilized
in aqueous imprinting by Whitcombe and coworkers.4.8 In addition, a combination of an
electrostatic and a hydrophobic interaction also has been utilized to improve MIP
selectivity in an aqueous phase.4.9 For imprinting in an organic solvent, a combination of
covalent and non-covalent interactions has been used to avoid the non-productive
interaction between the functional monomers.4.10-4.14
The goal of this study is to devise the first orthogonal functional group system for
noncovalent imprinting in organic solvents. An example of the orthogonal functional
groups in an artificial receptor for phenylalanine has been demonstrated using a crown
ether with guanidinium compound.4.15-4.16 The key to this combination is that crown ether
binds well to primary ammonium groups and metal ions. However, other basic groups
such as secondary and tertiary amines, quaternary ammonium compounds and
guanidinium groups do not interact with crown ether. Adopting a similar approach, a
crown ether based functional monomer was developed and used as a component of the
orthogonal multifunctional monomer system. Initially the crown ether based functional
monomer alone was used to make a methylbenzylamine imprinted polymer to test the
ability of the MIP to recognize primary ammonium groups. After the preliminary study,
the crown ether based functional monomer was used in combination with non-interactive
functional monomers to devise the first orthogonal multifunctional monomer system in
organic solvent for a phenylalanine imprinted polymer.
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4.2

Results and Discussion

4.2.1

Imprinted Polymers with Crown Ether Functionality for a Primary
Ammonium Group
The ability of an imprinted polymer that incorporates crown ether functionality to

recognize a primary ammonium group was first investigated using (L)-alphamethylbenzylamine ((L)-MBA). The crown ether functionality was incorporated into the
polymer matrix by the copolymerization of a crosslinking monomer (EGDMA) and a
crown ether based functional monomer. The crown ether based functional monomer was
synthesized by reacting 4’-aminobenzo-18-crown-6 with methacroyl chloride, producing
4’-benzo-18-crown-6 methyl-acrylamide (1, 18C6-MA) as shown in Scheme 4.1.4.17 (L)MBA was used as an ammonium salt (2, (L)-MBA⋅NO3) to ensure complexation
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Scheme 4.1. Illustration of interaction of (L)-methylbenzyl ammonium nitrate with 4’benzo-18-crown-6 methyl-acrylamide.
between 18C6-MA and the amine unit of (L)-MBA. The formation of a complex in
solution was confirmed by following the chemical shift of the ether protons on 18C6-MA
in the presence of (L)-MBA⋅NO3 in CDCl3. Adding one molar equivalent of (L)MBA⋅NO3 to a solution of 18C6-MA in CDCl3 changed the chemical shift of the ether
protons on 18C6-MA from 3.690 to 3.578. This upfield shift of the ether protons is a
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consequence of [N+-H---O] hydrogen bonding between the polyether oxygen atoms of
18C6-MA and ammonium hydrogen atoms of (L)-MBA⋅NO3.
After confirming the complexation between 18C6-MA and (L)-MBA⋅NO3 in
solution phase, a polymer with crown ether functionality toward a primary ammonium
group was prepared by the copolymerization of 18C6-MA and ethylene glycol
methacrylate (EGDMA) in the presence of (L)-MBA⋅NO3 template. As a control for
comparison, non-imprinted polymer without the template was also prepared. The binding
performance of the polymers was then evaluated in HPLC mode by injecting (L)-MBA
and (D)-MBA separately on the column, which was packed either with the imprinted
polymer (MIP) or the non-imprinted polymer (non-MIP).
The chromatographic results summarized in Table 4.1 revealed that enantiomer
separation (α) was almost negligible for the imprinted as well as the non-imprinted
polymers. However, a higher capacity factor (k’) for (L)-MBA on MIP versus on nonMIP was observed. At the very least, this result shows that the MIP recognizes the
imprinted molecule better than does the control polymer (Imprinting effect). Table 4.1
also shows that the percent of AcOH in the mobile phase influenced the capacity factors
(k’) and imprinting effect (I) for the substrates. The imprinting effect (I) was quantified
by the ratio of the capacity factor of (L)-MBA on the MIP to that of (L)-MBA on the
non-MIP, as shown in the last row of the table 4.1. Adding 1% AcOH dramatically
increased capacity factors of the substrates, both on the imprinted polymer and on the
non-imprinted polymer, with a simultaneous decrease in I. These results indicate that the
substrates were protonated in the presence of 1% AcOH, and the protonated substrates
were strongly retained primarily by the non-specific interactions to the randomly
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Table 4.1. Chromatographic conditions, capacity factors (k'), and imprinting effect (I)
for (L) or (D)-MBA on columns packed with (L)-MBA⋅NO3 imprinted polymers and the
non-imprinted polymersa
MIPc

non-MIPc

HoAcb, %
Id
k′L
k′D
k′L
k′D
0
2.03
2.03
0.25
0.25
8.12
1
25.3
25
19.85
19.7
1.25
2
23.03
23
21.3
21.2
1.10
4
21.5
21.3
20.7
20.7
1.00
a
Flow rate = 1mL/min, and injections were 5.0 µl of 100 mM solution of (L) or (D)MBA, UV detection at 260 nm. b The rest of the mobile phase was acetronitrile. c MIP
represents imprinted polymer, non-MIP represents non-imprinted polymer. d The
imprinting factor (I) was calculated only for (L)-MBA substrate by taking the ratio of k’L
on MIP to that on non-MIP.
distributed functional monomers in the polymers. Further increasing percent of AcOH
continuously decreased the retention time of the substrates, with further decreasing I.
This result indicates that AcOH starts to compete with the substrates for interactions with
polyether oxygens in the binding sites of the polymers
In conclusion, the chromatographic results showed that 18C6-MA was not an
effective functional monomer to produce enantiomerically selective binding sites in the
imprinted polymer with (L)-MBA⋅NO3. However, the imprinted polymer showed a
higher capacity of binding toward the template than did the non-imprinted polymer,
indicating the imprinting effect was present.
4.2.2

Imprinted Polymers Using Orthogonal MultiFunctional Monomer System
A combination of 18C6-MA and non-interacting functional monomers were used

to develop orthogonal multifunctional monomer system in organic solvent for a (L)phenylalanine ((L)-phe) imprinted polymer. To complex the amine unit of (L)-phe with
18C6-MA, (L)-phe was initially protonated as the nitrate ammonium salt ((L)-phe⋅NO3).
However, the presence of one molar equivalent of 18C6- MA was not sufficient to
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solubilize (L)-phe⋅NO3 in CHCl3 (a good solvent for non-covalent imprinting). In fact,
four molar equivalents of 18C6-MA were required to solubilize (L)-phe⋅NO3 in CHCl3.
In order to make phenylalanine salt more soluble in organic solvent, fluoroboric acid was
used to protonate the amine unit of (L)-phenylalanine ((L)-phe⋅BF4); one molar
equivalent of 18C6-MA was enough to solubilize (L)-phe⋅BF4 in CHCl3. For complexing
the carboxylate moiety of (L)-phe (3), either 2-vinylpyridine (4, 2-VPY) or 2(dimethylamino) ethyl methacrylate (2-DEMA) was used as shown in Scheme 4.2 and
the two were compared for selectivity.
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Scheme 4.2. Interactions of (L)-phenylalanine ammonium fluoroborate with 4’-benzo18-crown-6 methyl-acrylamide and 2-vinylpyridine.
Another tremendous advantage of using the crown ether based functional
monomer was also demonstrated in terms of solubility of the template in CHCl3 (good
solvent for non-covalent imprinting). (L)-phe⋅BF4 (or (L)-phe) alone was not soluble in
CHCl3, and the addition of the interactive functional monomer 2-DEMA or 2-VPY were
not able to solubilize (L)-phe⋅BF4. However, the presence of the crown ether monomer
18C6- MA increased the solubility of (L)-phe⋅BF4 both alone and in the presence of 2DEMA or 2-VPY, forming a soluble organic salt complex with the ammonium group.
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This extends the concept of crown ether-assisted molecular imprinting introduced for
solubilizing MIP pre-polymer complexes.4.18
Table 4.2 shows the formulations for the MIPs compared in this study. Entry 1
imprints (L)-phe⋅BF4 using only 18C6-MA; entries 2 and 3 imprint the same template
using 2-DEMA or 2-VPY, respectively, in the presence of non-polymerizable crown
ether 18-crown-6. In this case, the non-polymerizable 18-crown-6 compound was added
in the formulations for the imprinted polymers to aid solubility of (L)-phe⋅BF4 in
chloroform, as in the ref-4.18. However, the most important reason for the addition of
18-crown-6 compound was to differentiate the solubilizing effect of this moiety from the
orthogonal effect on the performance of the polymers. Entries 4 and 5 imprint (L)phe⋅BF4, combining 18C6-MA with 2-DEMA or 2-VPY, respectively, to investigate
whether cooperative interactions exist between 18C6-MA and the other two basic
monomers for specific (and orthogonal) binding properties.
Table 4.2. Polymer compositionsa
Entryb

Functional Monomers

Template

2-VPYc
2-DEMAd
18C6-MAe
18-crown-6f
1
----0.35
--0.23
2
--0.39
--0.39
0.26
3
0.38
----0.38
0.25
4
--0.38
0.38
--0.23
5
0.38
--0.38
--0.25
a
All quantities are in mmol. All formulations contained 5.0 mmol EGDMA, 0.11 mmol
AIBN, and 1.7 mL CHCl3. b For each imprinted polymer, a separate control polymer was
made using the same formulation without template. c 2-VPY = 2-Vinylpyridine. d 2DEMA = 2-(Dimethylamino)ethyl methacrylate. e 18C6-MA = 4’-Aminobenzo-18crown-6 methacrylate. f 18-crown-6 was purchased from Aldrich Chemical Co., and was
used without purification.
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Enanantioselective binding for (L)-phe-BF4 was evaluated for each of the
polymers in HPLC mode to determine whether a combination of functional monomers
improves the enantiomer separation and which combination of monomers works better
(Table 4.3). For evaluation by HPLC, each polymer was ground and sieved to the size
range between 20 and 25 µm and packed into a stainless steel column (75 × 2.1 mm).
The retention of (L) or (D)-phe-BF4 was determined separately in mobile phase 96/4
MeCN/K2HPO4-H2PO4 buffer, pH=3.0, 100mM. The chromatographic results from (L)phe-BF4 imprinted polymers are summarized in Table 4.3. Entry 1 in Table 4.3 shows
Table 4.3. Capacity factors (k') and separation factors (α) for (L) or (D)-phe⋅BF4
substrates obtained from the indicated polymer HPLC stationary phasesa
Entry
1
2

Polymerb
MIP(1)
nonMIP(1)
MIP(2)
nonMIP(2)

3

MIP(3)
nonMIP(3)

4
5

MIP(4)
nonMIP(4)
MIP(5)
nonMIP(5)

k'L
2.95
1.88

k'D
2.85
1.82

α
1.04
1.03

2.76
(5.20)c
2.33
(4.60)

2.59
(5.20)
2.25
(4.60)

1.07
(1.00)
1.04
(1.00)

0.74
(1.90)
0.41
(1.40)

0.68
(1.90)
0.41
(1.40)

1.09
(1.00)
1.00
(1.00)

11.71
10.0

10.21
9.8

1.15
1.02

5.19
2.78

4.05
2.70

1.28
1.03

a

Flow rate = 1.0 ml/min, injections were 5.0 µL of a 10 mM solution of L- or D-Phe-BF4,
Mobile phase = acetonitrile/K2HPO4-H2PO4 buffer (pH=3.0, 100mM): 96/4; UV
detection at 250 nm. b MIP represents imprinted polymer, non-MIP represents nonimprinted polymer; numbers in parentheses refer to entries in table 5.2 defining polymer
compositions. c Capacity factors (k') and separation factors (α) in parenthesis were
evaluated using the mobile phase acetonitrile/K2HPO4-H2PO4 buffer (PH=3.0, 100mM:
98/2).
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the results for the MIP that was made using only 18C6-MA. A α value close to 1.0
indicates that only a slight preference for enantioselectivity of the template was obtained
for the MIP (1). Similarly, only slight preference for enantioselective binding of the
template was observed for the MIP that was made using 2-VPY (Entry 2) or 2-DEMA
(Entry 3) in the presence of non- polymerizable 18-crown-6. Further investigation of the
polymers using a less polar mobile phase (acetonitrile/K2HPO4-H2PO4 buffer (pH=3.0,
100mM): 96/4) did not improve the selectivity. On the other hand, MIPs made using a
combination of 18C6-MA and 2-DEMA (Entry 4) or 2-VPY (Entry 5) did show
improved selectivity for the template. These results revealed that using a combination of
functional monomers, versus single functional monomer, can improve selectivity for the
template. Furthermore, these results provide evidence that a cooperative binding site was
made in the imprinted polymer by using the combination of the functional monomers
(Scheme 4.2). The cooperative binding site has the amine-based functional group and the
crown ether-based functional group positioned complementarily within the binding sites
to interact with the template simultaneously. The selectivity for the template is due to
these complementarily positioned functional groups in the binding sites. Additionally,
the combination of the non-interactive functional groups must have increased the
productive interactions with the template in solution, without any random interactions
between the functional monomers leading to increased concentration of the templatefunctional monomer complexes. The increase in the template-functional monomer
complexes provides additional contribution to the selectivity of the polymers.
Another interesting observation from Table 4.3 is that the MIP made using a
combination of 18C6-MA and 2-VPY (Entry 5) showed higher selectivity for the
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template than did the MIP made using a combination of 18C6-MA and 2-DEMA (Entry
4), as seen by the greater value of α. However, the MIP with 18C6-MA and 2-DEMA
forms a stronger bond with the (L)-phe-BF4 substrate than does the MIP made using
18C6-MA and 2-VPY, as seen by the greater value of k'. Simon et al.4.19 reported a
similar result, indicating that the better selectivity was obtained when aromatic amines
(e.g., 2-VPY) were used as a functional monomer in comparison to aliphatic amines (e.g.,
2-DEMA) as a functional monomer, even though binding affinity was stronger with the
aliphatic amine functional monomers. The higher binding affinity with 2-DEMA
functional monomer can be attributed to the higher basicity of 2-DEMA, with PKa’s in
the range 9.0-10.5, versus the basicity of 2-VPY with PKa’s in the range 5.0-6.5. This
higher basicity of 2-DEMA leads to the stronger interactions with the template in
solution, resulting in the stronger binding of the template to the MIP made using 2DEMA versus 2-VPY as a functional monomer. However, optimizing selectivity
requires fine tuning of the pre-organized functional monomers formed by the interactions
with the template. The fine tuning can be achieved by limiting orientation of the
interactions by the directionality and by restraining conformational freedom of the
functional monomer.4.20 For example, 2-VPY is capable of hydrogen bonding and/or
electrostatic interaction with the template in a single, coplanar direction, and this
directionality of the interaction between 2-VPY and the template limits the orientation of
the interaction. On the other hand, 2-DEMA provides a charge without any directionality
of the interaction, added to the fact that the conformation of 2-DEMA is less restrained
than that of 2-VPY. Thus the limited orientation of the interactions afforded by 2-VPY
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provide higher selectivity of the MIP made using 18C6-MA and 2-VPY versus the MIP
made using 18C6-MA and 2-DEMA.
To verify that the combination of the functional monomers is orthogonal, 1H
NMR titration experiments were done with 18C6-MA/2-DEMA and 18C6-MA/2-VPY in
CDCl3. These results were then compared to those from MAA/2-DEMA and MAA/2VPY, which would be expected to have strong intermolecular interactions. The stronger
intermolecular interactions could result in random interactions between functional
monomers in the place of the interactions of the functional monomers with the template,
which are responsible for the selective binding sites for the template in the MIP. Thus,
the stronger intermolecular interactions between the functional monomers could reduce
the selective binding of the template in the MIP. In the titration experiment with 18C6MA/2-DEMA or 18C6-MA/2-VPY, the chemical shift of the polyether protons on 18C6MA was followed (Table 4.4). The chemical shifts of polyether protons on 18C6-MA in
Table 4.4. NMR titration of 2-VPY (or 2-DEMA) with 18C6-MA in CDCl3
Entry

18C6-MA(mM)

0
1
2
3
4
5

4
4
4
4
4
4

[2-VPY] or
[2-DEMA] (mM)
0
20
40
60
80
100

∆δ (2-VPY)
(ppm)
0
-0.002
-0.004
-0.006
-0.006
-0.008

∆δ (2-DEMA)
(ppm)
0
-0.002
-0.004
-0.004
0
-0.003

the presence of 2-DEMA or 2-VPY indicate the degree of the interaction between 18C6MA and 2-DEMA or 2-VPY (i.e., the more chemical shift changes, the stronger the
interactions). No significant changes in the chemical shift of the protons on 18C6-MA
with the addition of 2-DEMA or 2-VPY were observed, proving that there are no non-
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productive interactions between the functional monomers in MIP formulations.
However, in the presence of (L)-phe-BF4 template, the NMR titrations of both 18C6MA/2-DEMA and 18C6-MA/2-VPY showed significant chemical shifts of the polyether
protons on 18C6-MA (Table 4.5). Therefore, the productive interactions between
monomers and template indicated by NMR chemical shifts in the presence of the
template (Table 4.5) are maximized for optimal performance. In the case of MAA and
Table 4.5. NMR titration data for18C6-MA/2-VPY and 18C6-MA/2-DEMA in the
presence of (L)-phe-BF4 in CDCl3
[2-VPY] or
[L-phe-BF4]
∆δa
∆δb
[2-DEMA]
(mM)
(ppm)
(ppm)
(mM)
0
5.06
5.87
0
0
0
1
5.06
5.87
1.94
0.012
0.006
2
5.06
5.87
3.16
0.021
0.013
3
5.06
5.87
3.87
0.038
0.016
4
5.06
5.87
5.77
0.046
0.034
5
5.06
5.87
7.98
0.048
0.048
a
chemical shift of the protons on 18C6-MA observed for 18C6-MA/2-VPY in the
presence of (L)-phe-BF4; b chemical shift of the protons on 18C6-MA observed for 18C6MA/2-DEMA in the presence of (L)-phe-BF4.
Entry

18C6MA(mM)

2-DEMA or 2-VPY, large changes in the chemical shift of the protons on 2-DEMA or 2VPY with the addition of MAA were observed (Table 4.6), as anticipated. These large
changes in the chemical shift indicate a considerable association between MAA and 2DEMA (or 2-VPY). These significant intermolecular interactions between the functional
monomers would be expected to considerably lower the amount of the complex between
template and these functional monomers. Thus, if this combination of the functional
monomers (i.e., MAA and 2-DEMA (or 2-VPY)) is used in the MIP, a poor binding
performance of the MIP would be expected.
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Table 4.6. NMR titration of 2-VPY (or 2-DEMA) with MAA in CDCl3
Entry
0
1
2
3
4
5
4.3

[2-VPY] or
[2-DEMA]
(mM)
10
10
10
10
10
10

[MAA]

∆δ (2-VPY)
(ppm)

∆δ (2-DEMA)
(ppm)

0
120
240
360
500
600

0
0.054
0.063
0.074
0.075
0.078

0
0.493
0.599
0.645
0.677
0.714

Conclusions
A crown ether based function monomer, 4’-aminobenzo-18-crown-6 methacrylate

(18C6-MA), was used to develop an orthogonal multifunctional monomer system for (L)phenylalanine imprinted polymer. Initial experimental results from (L)methylbenzylamine imprinted polymer showed that 18C6-MA by itself was not an
effective functional monomer to obtain enantiomer separation for the template; however,
an imprinting effect was observed. (L)-phenylananine imprinted polymers were made
using a combination of 18C6-MA with other basic functional monomers (i.e., 2vinylpyridine (2-VPY) or 2-(dimethylamino)ethyl methacrylate (2-DEMA)). The
imprinted polymers (MIP) showed improved enantiomer separation for the template
when compared to MIPs with a single functional monomer, demonstrating that
cooperative behavior is necessary for selectivity in MIP. Furthermore, there were no
intermolecular interactions observed between 18C6-MA and 2-VPY (or 2-DEMA), as
shown by the chemical shift in NMR experiments. Together, these results show that we
have developed an orthogonal functional monomer group pair, the components of which
act in concert in MIP to selectively bind the template without forming any random
complexes between the functional monomers.
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4.4

Experimental

General Procedures. Unless otherwise stated, chemicals were commercially
available and used without further purification. All solvents were obtained from
commercial sources and used as is. Ethylene glycol dimethacrylate (EGDMA, Aldrich)
was distilled under reduced pressure (60mm Hg, 120ºC). 2-(Dimethylamino) ethyl
methacrylate (2-DEMA, Aldrich) was distilled (60mm Hg, 90ºC) and 2-Vinylpyridine (2VPY, Aldrich) was distilled (60mm Hg, 75ºC).
Synthesis of a Crown Ether-based Functional Monomer (5.1).5.17 Aminobenzo-18crown-6 (0.3g, 0.928 mmole) was dissolved in CH2Cl2 (2 ml), along with
triethylamine(0.188g, 1.856 mmole). The mixture was cooled at 0°C and Methacroyl
chloride (0.145g, 1.392 mmole) was added dropwise to the stirring mixture at 0°C. The
mixture was kept at 0°C for 30 min; then the temperature was increased to room
temperature and reacted for 72 h. The reaction mixture was washed with H2O and dried
over MgSO4. The solvent was evaporated under vacuum to give white powder. The
residue was purified by column chromatography (Silica, EtOAc/Et3N 90/10 and
Aluminium Oxide(neutral), CH2Cl2/Et3N 98/2) to produce white powder in 50% yield.
1

H NMR (250 MHz, CDCl3) δ 2.06 (s, 3H), 3.69-3.77 (m, 12H), 3.89-4.13 (m, 4H), 4.15

(m, 4H), 5.44 (m, 1H), 5.78 (m, 1H), 6.82-6.85(m, 2H), 7.41-7.42(d, 1H), 8.04 (s, 1H).
13

C NMR (62.5 MHz, CDCl3) δ 18.8, 69.0, 69.6, 107.2, 112.4, 114.8, 119.7, 131.9,

140.9, 145.8, 149.3, 166.4.
Prepartion of L(-)-alpha-methylbenzylamine Nitrate. 50 mL of anhydrous HCl in
diethyl ether was added to the amine 3 (2g, 16.5 mmol) at 10°C, and the reaction mixture
was stirred for 2h. The solvent was evaporated and MeOH/Et2O was used to recrystallize
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the crude product to yield the ammonium hydrochloride salt (L)-MBA-HCl (1.481g,
57%). The hydrochloride salt (1.481g, 9.4mmol) was dissolved in 200 mL of 1:1 (v)
CHCl3-CH3CN. To this solution, NH4NO3 (1.5g, 18.6 mmol) was added. The resulting
slurry was stirred for 24 h at room temperature and filtered, and the filtrate was
evaporated. The solid residue was recrystalized from CHCl3 and dried under vacuum
overnight to give 940mg (55%) of the ammonium nitrate salt (L)-MBA-H NO3 as white
needles. 1H NMR 5 (250MHz, CD3OD) δ 1.61-1.64 (d, 3H), 4.95 (br, 3H), 4.42-4.51 (q,
1H), 7.38-7.48 (m, 5H).

13

C NMR (65MHz, CD3OD) δ 137.7, 128.3, 128.2, 125.7, 50.3,

18.7.
Preparation of L(-)-Phenylalanine Fluoroborate (3-H.BF4). A weighted amount of
the amino acid was suspended in ethanol. One equivalent of 50% fluoroboric acid in
water was added with constant stirring. The suspended solid dissolved when the acid was
added. The solvent was evaporated at reduced pressure to leave a solid that was wet with
water. The water was removed as a binary azeotrope with benzene. The final solid was
then recrystallized from CH3CN. 1H NMR (250 MHz, CD3CN) δ 3.19-3.30 (m, 2H),
4.28-4.32(m, 1H), 6.80-7.10 (m, 3H), 7.28-7.40 (m, 5H).

13

C NMR (62.5 MHz, CD3CN)

δ 35.9, 55.2, 118.2, 128.7, 129.9, 130.3, 134.4, 169.4.
Polymer Preparation. A series of molecular imprinted and control polymers was
prepared. In a typical imprinted polymer preparation, L-phenylalanine fluoroborate salt 4
and appropriate functional monomer(s) were dissolved in dry CHCl3. EGDMA and
AIBN were then added into the mixture. The reaction mixture was then purged with
nitrogen gas for 5 min, capped and sealed with teflon tape and parafilm. Polymerization
was initiated photochemically by a standard laboratory UV light source (medium
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pressure 450 W mercury arc lamp) at 20ºC for 10h. The polymers were ground by a
mortar and pestle and sized in methanol through 20-25µm sieves (VWR Scientific).
Particles in the 20-25µm size range were extracted for 10h in a Soxhlet apparatus with
methanol. Control polymers were similarly made and prepared.
Chromatographic Studies. The particles in the 20-25µm size range were slurry
packed into stainless steel HPLC columns (75×2.1 mm) using a Beckman 110B solvent
delivery system. HPLC analyses were performed isocratically at room temperature.
Substrates were prepared at the concentration of 10mM in the eluent and 5 µl of solution
was injected for analysis. Analyses were run at a flow rate of 1.0 ml/min with detection
at 250 nm. The void volume was determined using acetone. The separation factors (α)
were calculated as the ratio of capacity factors k’L/k’D. The capacity factors were
determined by the relation k’=(tx-t0)/t0, where tv is the retention time of the substrate, and
t0 is the retention time of the void marker (acetone).
1

H NMR Titration in the Absence of L-phe-BF4. A Bruker DRX 250 (250 MHz)

NMR spectrometer was used to carry out NMR titrations. Stock solutions of 2-VPY or
2-DEMA (30 mM) and MAA (3 M) in dry CDCl3 were prepared. The concentration of
[2-VPY] or [2-DEMA] (10 mM) was kept constant, and the concentration of [MAA]
(100-1000 mM) was varied. The chemical shifts of protons on 2-VPY or 2-DEMA were
followed. Similarly, the stock solutions of [18C6-MA] (10 mM) and [2-VPY] or [2DEMA] (300 mM) were prepared. The concentration of [18C6-MA] (4 mM) was kept
constant and the concentration of [2-VPY] or [2-DEMA] (10-100 mM) was varied. The
chemical shifts of protons on 18C6-MA were followed.
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1

H NMR Titration in the Presence of L-phe-BF4. Varied concentrations of L-phe-

BF4 were prepared in the presence of fixed amount of 18C6-MA in dry CDCl3. In
addition to the mixture, stock solutions of 2-VPY or 2-DEMA (20 mM) dry CDCl3 were
also prepared. The concentration of [2-VPY] (or [2-DEMA]) and 18C6-MA were kept
constant, and the concentration of [L-phe-BF4] was varied. The chemical shifts of
protons on 18C6-MA were followed.
4.5
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CHAPTER 5
AFFINITY DISTRIBUTION ANALYSIS AS A METHOD TO SCREEN LIGANDBINDING COMBINATORIAL LIBRARY MIXTURES ON SOLID PHASE

5.1

Introduction
Combinatorial technologies have led to a revolution in the drug discovery process

throughout the pharmaceutical industry by rapidly amplifying the molecular diversity of
compounds, followed by high-throughput screening of the compounds for activity.5.1-5.3
The drug discovery process is a complex and dynamic continuum ranging from early
phase lead discovery, through lead optimization, to candidate selection. In both lead
discovery and lead optimization, the probability of identifying the most desirable drug
candidate increases as the number of compounds increases. In this quest for rapid
generation of high molecular diversity, two distinct synthetic approaches (referred to as
combinatorial chemistry) have been utilized.
The first method is parallel synthesis where a large array of compounds are
synthesized simultaneously, each in its own vessel, and the reaction can be done either in
solution or on solid support.5.4 The advantage of this method is that the compounds can
be screened automatically using 96-well microplates with robotic liquid handling
technology. Additionally, screening pure compounds for activity is the most quantitative
and accurate way to obtain the highest yield of information per compound per test. The
disadvantage of this parallel synthesis is that only a small number of compounds are
made by this approach (ranging from dozens to hundreds), compromising the speed at
which the lead compounds are discovered. The second method is the mix-and-split

113

method, where chemical subunits (building blocks) are added in separate reaction vessels
as in parallel synthesis.5.2 However, after each synthetic step the products are mixed
together and redivided, resulting in a starting material for each step of the synthesis that is
a more complicated mixture than in the previous step. This mix-and-split synthesis is
typically done on a solid support to force the reaction to completion and to achieve easy
purification of the products. While the number of compounds produced per synthetic
step by this method is impressively high (ranging from thousands to millions) the
identification of active component of the mixture still remains a challenge.
A commonly used tactic to accelerate the drug discovery process is to prepare a
mixture, usually by the mix-and-split method, and to screen the mixture to identify an
active component.5.5 When the test of the mixture produces apparent activity, the mixture
is then de-convoluted to identify the active component(s) in the mixture. The most
straightforward method to de-convolute the mixture is to independently synthesize each
individual compound in the mixture. However, this approach is not practical for the large
number of compounds generated by the mix-and-split method, which is desirable
especially in the lead discovery process. For large libraries, iterative synthesis of
increasingly smaller mixtures and subsequent screening of the mixtures for activity, and
characterization of the active mixtures are used to ultimately identify the active
compound. Iterative screening of these large library mixtures requires rapid, costeffective and simple methods to compare several mixtures of compounds for activity and
to compare activity distribution of the compounds among the mixtures in order to
accelerate the drug discovery process.
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Several screening methods are available for the mixtures generated by the mixand-split synthetic approach, including affinity selection,5.6 as well as several
deconvolution strategies.5.7-5.9 The affinity selection strategy utilizes immobilized
receptor molecules to purify high affinity ligands from library mixtures. In other words,
the ligands that are retarded in their passage must have strong interaction with the
immobilized receptor molecules. Thus, these late eluting ligands have high affinity to the
receptors. This strategy seems to be efficient only in the mixture with a limited number
of components. The reason is that the larger the number of components of the library
mixture, the more immobilized receptor molecules that are required. Thus, using this
affinity selection approach to screen the mixture with a large number of the components
would not be cost effective.
The deconvolution strategy to screen combinatorial library mixtures is based on
the procedure of the synthesis and requires a fixed component (i.e., a known component)
of the mixture to identify the active component in the mixture.5.7-5.9 For example, a
recursive deconvolution approach5.7 is based on the synthesis and holding of a set of
partially synthesized combinatorial library mixture. This method has been used to screen
a pentapeptide library mixture of 1024 components with the general formulae
X(1)N(2)N(3)N(4)N(5), where X is the position defined, N is the position randomized, and the
subscript indicates the position in the molecule. The pentapeptide library mixture was
initially screened for activity and positive results for the first residue (A(1), say) were
observed. Next, the tetrapeptide partial library mixture, which was synthesized and
preserved during the formation of the pentapeptide library mixture, was all coupled with
the positive residue (A(1)) to form the general formulae A(1)X(2)N(3)N(4)N(5). The
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screening for activity was again performed to identify the active residue in the second
position (B(2), say) resulting in A(1)B(2)N(3)N(4)N(5). This process is repeated until all
positions are identified. The virtue of this method is the ability to identify the active
component in the mixture. However, this approach requires significant effort for the
iterative synthesis and screening of the mixtures. Additionally, the activity of a partial
library mixture may not reflect the final activity of the complete library mixture.
We present, herein, continuous affinity distribution (AD) as a complementary
method to screen combinatorial library mixtures for binding affinities. The AD method
gives the number of binding sites having a particular association constant, for example in
the molecular imprinted polymers (MIPs), and thus provides an advantage in
characterizing heterogeneous binding sites.5.10-5.11 The ligand-binding combinatorial
library mixture is also expected to have a number of binding sites having a particular
association constant, justifying the usage of the AD method for the library mixture to
characterize binding properties of the components in the mixture. Additionally, there are
several advantages of using the AD method to screen the combinatorial library mixtures:
it can be used for any size of library; it can be applied to nonlinear small molecules as
well as to linear oligomeric combinatorial libraries; it does not degenerate the libraries,
allowing them to be reused for screening with any other substrates.
To validate the AD method to screen combinatorial library mixtures for binding
affinities, three mixtures of amino acid derivative on solid phase were prepared. The
batch rebinding data for each mixture and individual polymers were obtained. Each
binding data was fit with the Freundlich (FI) equation, and the Freundlich parameters
obtained from the FI equation were used to establish the corresponding affinity
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distribution. From the affinity distribution, number average association constant (Kn) and
heterogeneity index (ν) were calculated. The estimated K n and ν of a mixture were then
compared to the average value and the distribution of the association constants,
respectively, of the corresponding components. The results from this study showed that
Kn and ν of the mixture obtained from the AD method can be used characterize binding
properties of the corresponding components.
5.2

Results and Discussion
N-α-Boc protected amino acids attached to Merrifield resin (MR) were purchased

from Novabiochem Company.

Deprotection of N-α-Boc protected amino acids was

done following a well-established literature procedure.5.12 Abbreviations and structures
of the polymers used for this study are summarized in appendix B.
5.2.1

Optimization of Experimental Conditions
The objective of this study requires sufficient binding of a substrate to the

polymers to avoid significant errors at low concentrations of the substrate. In addition, it
is desirable to obtain binding data for wide range of association constants. To find
optimum experimental conditions to meet the requirements, the rebinding medium and
the amount of the polymer were varied.
First, the influence of a rebinding medium on the binding strength of (L)-bocphenylalanine ((L)-boc-phe) to the polymers was investigated. Figure 5.1a shows the
binding isotherms of (L)-boc-phe for Lys-MR in acetonitrile (MeCN) and ethyl acetate
(EtOAc). At the lower total concentrations of the substrate in MeCN, high level of errors
were observed as indicated by values of Sb lower than 0.0 (mM/g). These errors arise
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most likely due to the low amount of the bound substrate in a polar solvent such as
MeCN. When the low amount of the substrate is bound to the polymers, the calculated Sb
is subject to large errors because the measured free concentration (Cf) and the total
concentration (Ci) of the substrate are of similar magnitude. When the less polar solvent
EtOAc was used, such an error was not observed. However, when the neutral polymers
(i.e., Ala-MR) were subjected to the batch binding experiments, the calculated errors of
Sb were again found at the low total concentrations of (L)-boc-phe in EtOAc (figure
5.1b). To select a less polar solvent than EtOAc without compromising the solubility of
(L)-boc-phe, 4/1 cyclohexane/EtOAc mixture was used in the batch rebinding of (L)-bocphe for Ala-MR (Figure 5.1 b). A higher amount of the substrate was bound to the
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Figure 5.1. Binding isotherms of (L)-boc-phe for (a) Lys-MR in MeCN (z) and EtOAc
(); (b) Ala-MR in EtOAc (z) and 4/1 cyclohexane/EtOAc ().
polymers in 4/1 cyclohexane/EtOAc versus EtOAc, and the errors of Sb at the low total
concentrations observed for Ala-MR in EtOAc were not seen when the rebinding medium
was 4/1 cyclohexane/EtOAc. These results show that the compromise between the
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solubility of (L)-boc-phe and the binding strength of the substrate to the polymer was
obtained in 4/1 cyclohexane/EtOAc.
Increasing the amount of the polymers was shown to increase the sensitivity of
the binding isotherms to the changes in the binding parameters among the different
imprinted polymers (chapter 2). Similar observations were also made for the polymers
used in this study. Figure 5.2 compares the binding isotherms of the substrate for ArgMR and Ala-MR using 0.01g (figure 5.2a) and 0.02g (figure 5.2b) of the polymers.

1600

800

a

b

Sb (mM/g)

Sb (mM/g)

1200
800
400

400

0

0
0

40

80

120

Cf (mM)

0

40

80

120

Cf (mM)

Figure 5.2. Binding isotherms of (L)-boc-phe for Arg-MR (z) and Ala-MR () using
(a) 0.01g and (b) 0.02g of the polymers.
Binding isotherms obtained using 0.01g of the polymers did not show any significant
difference of Sb values between the two polymers. On the other hand, a larger difference
of Sb values between the two polymers was observed especially at the high
concentrations of the substrate when 0.02g of the polymers was used. Thus, this result
shows that the difference between the binding parameters of the two polymers became
more apparent when the amount of the polymers was increased from 0.01g to 0.02g.
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5.2.2

Batch Rebinding Studies
Batch rebinding experiments were done using each polymer and the

corresponding mixtures of the polymers. Three mixtures were prepared by hand mixing
the components of the mixture for 2 h: Mix 1 is composed of the five polymers (i.e., AlaMR, Tyr-MR, Gly-MR, Lys-MR and Trp-MR); Mix 2 is composed of the eight polymers
(i.e., Aln-MR, Cys-MR, Glu-MR, Ile-MR, Met-MR, Phe-MR, Ser-MR, Thr-MR); Mix 3
is composed of all of the nineteen polymers used for this study.
To establish the binding isotherm for each of the polymers and the mixtures,
0.02g of the polymers was shaken with the different total concentrations of (L)-boc-phe
in 4mL of 4/1 Cyclohexane/EtOAc. The lowest total concentration (1 mM) of the
substrate was determined by the detection limit using UV spectroscopy, and the highest
total concentration (100 mM) was determined by the solubility limit of the substrate in
4/1 cyclohexane/EtOAc. After 24 h equilibrium, aliquots of the supernatant were taken
and the free concentration of (L)-boc-phe (Cf) was detected at 252nm using UV
spectroscopy. The amount of the bound substrate (Cb, mM) was then determined by
subtracting the amount of free substrate from the total amount of substrate added to the
polymer solution (i.e., Cb=Ci-Cf). Cb is then converted to Sb, which is measured in mM of
substrate per gram of polymer (mM/g), to plot binding isotherms for the polymers as Sb
versus Cf.
A.

Binding Isotherms and Affinity Distribution
The experimental binding isotherms for the mixtures, as well as for the individual

polymer, were fitted with binding isotherm models that account for energetic
heterogeneity on the polymers. The binding isotherm models used were the Langmuir-
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Freundlich (LF) equation (equation 5.1)5.13 and Freundlich (FI) equation (equation 5.2).
5.14

The LF equation accounts for the saturation and the sub-saturation range of the

binding isotherm, while the FI equation accounts for only the sub-saturation range of the
binding isotherm.

Sb =

N t ( K o C f )υ

(5.1)

1 + ( K 0 C f )υ

where Nt is the total number of binding sites, Ko is the median association constant and
ν is the heterogeneity index.
S b = AC vf

(5.2)

where A and ν are the Freundlich parameters.
The experimental binding isotherms for most of the polymers fit with the LF equation
gave unrealistically high standard deviations of the binding parameters for the polymers.
The reason is that the concentration range measured to establish the isotherm did not
cover the critical part of the isotherm (i.e., saturation part of the isotherm) needed to
obtain a reliable estimate for the parameters. The high concentrations of the substrates
necessary to reach the saturation part of the isotherm, due to low binding affinity of the
substrates to the polymers, were difficult to achieve because of the solubility limit of the
substrates. On the other hand, the FI equation fit well to the binding data giving a high
correlation factor (0.980 to 0.997) for most of the system (Table 5.1).
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Bold type in table 5.1 highlights the polymers that did not give a high correlation
factor when the binding isotherm for the polymers was fit with the FI equation. One of
the reasons for the low correlation factor is the scattered data points often observed at the
Table 5.1. Freundlich parameters and correlation factors for the nineteen individual
polymers and the mixtures of the corresponding polymers
Amino acid derivatives
attached to the Merrifield
resin
Ala-MR
Aln-MR
Arg-MR
Asp-MR
Cys-MR
Gln-MR
Glu-MR
Gly-MR
His-MR
Ile-MR
Lys-MR
Met-MR
Phe-MR
Pro-MR
Ser-MR
Thr-MR
Trp-MR
Tyr-MR
Val-MR
Mix1
Mix 2
Mix 3

A
11 ± 2.8
34 ± 3.7
13 ± 1.5
23 ± 1.7
27± 2.0
42 ± 6.6
34 ± 6.9
89 ± 5.0
39 ± 2.6
34 ± 5.2
109 ± 1.1
39 ± 3.6
39 ± 2.4
48 ± 4.8
57 ± 4.7
34 ± 3.7
66 ± 6.8
7.4 ± 0.63
65 ± 7.5
15 ± 1.3
15 ± 1.6
19 ± 3.8

ν
0.77 ± 0.056
0.70 ± 0.025
0.73 ± 0.027
0.76 ± 0.017
0.71 ± 0.018
0.59 ± 0.036
0.70 ± 0.049
0.52 ± 0.018
0.58 ± 0.016
0.69 ± 0.037
0.44 ± 0.026
0.73 ± 0.022
0.62 ± 0.015
0.61 ± 0.024
0.63 ± 0.020
0.57 ± 0.028
0.44 ± 0.026
0.99 ± 0.0019
0.46 ± 0.030
0.90 ± 0.025
0.95 ± 0.025
0.88 ± 0.047

R2
0.990
0.992
0.956
0.997
0.995
0.988
0.964
0.985
0.994
0.980
0.986
0.994
0.995
0.989
0.993
0.941
0.967
0.998
0.931
0.999
0.997
0.989

low concentration range due to the similar magnitude of the free and the total
concentration of the substrate. The other reason for the low correlation factor is the
limitation of the FI equation to model the saturation part of the binding isotherm.5.13
The limitation of the FI equation to model the saturation part of the binding isotherm was
shown in Figure 5.3 as an example. The non-linear shape of the binding isotherm of Val-
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MR in the log-log format indicates that the binding isotherm covers the sub-saturation
and the saturation concentration range (details in chapter 1). When the FI equation was
used to fit the overall binding isotherm, poor correlation (R2 = 0.931) was found between
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Figure 5.3. Binding isotherm of (L)-boc-phe for Val-MR in the concentration range of
(a) the sub-saturation and the saturation, and (b) the sub-saturation part of the binding
isotherm.
the data points and the fit with the FI (Figure 5.3 (a)). When the concentration range of
the binding isotherm was adjusted to cover only the sub-saturation range (Figure 5.3 (b)),
the correlation factor was increased (R2 = 0.993). Thus, the FI equation was chosen for
all of the polymers studied and fit to the sub-saturation range of the binding isotherm for
the polymers. The evidence for the sub-saturation range was provided by the high
correlation factor and the straight line in log-log format over the entire concentration
range (binding isotherm of each polymer with the fit to the FI equation is shown in
appendix B). Table 5.2 shows the Freundlich parameters and correlation factors obtained
by fitting the binding isotherms at the sub-saturation range to the FI equation.
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Table 5.2. Freundlich parameters and correlation factors for the nineteen individual
polymers and the mixtures of the polymers, obtained by fitting the sub-saturation range
of each binding isotherm to the Freundlich equation
Amino acid derivatives
attached to the Merrifield
resin
Ala-MR
Aln-MR
Arg-MR
Asp-MR
Cys-MR
Gln-MR
Glu-MR
Gly-MR
His-MR
Ile-MR
Lys-MR
Met-MR
Phe-MR
Pro-MR
Ser-MR
Thr-MR
Trp-MR
Tyr-MR
Val-MR
Mix1
Mix 2
Mix 3

A
11 ± 2.8
34 ± 3.7
9.3 ± 1.6
23 ± 1.7
27± 2.0
42 ± 6.6
19 ± 2.6
89 ± 5.0
39 ± 2.6
34 ± 5.2
109 ± 1.1
39 ± 3.6
39 ± 2.4
48 ± 4.8
57 ± 4.7
16 ± 1.4
52 ± 3.3
7.4 ± 0.63
26 ± 2.9
15 ± 1.3
15 ± 1.6
19 ± 3.8

ν
0.77 ± 0.056
0.70 ± 0.025
0.87 ± 0.046
0.76 ± 0.017
0.71 ± 0.018
0.59 ± 0.036
0.90 ± 0.039
0.52 ± 0.018
0.58 ± 0.016
0.69 ± 0.037
0.44 ± 0.026
0.73 ± 0.022
0.62 ± 0.015
0.61 ± 0.024
0.63 ± 0.020
0.91 ± 0.032
0.54 ± 0.019
0.99 ± 0.0019
0.90 ± 0.062
0.90 ± 0.025
0.95 ± 0.025
0.88 ± 0.047

R2
0.990
0.992
0.992
0.997
0.995
0.988
0.987
0.985
0.994
0.980
0.986
0.994
0.995
0.989
0.993
0.997
0.995
0.998
0.993
0.999
0.997
0.989

The Freundlich parameters were then used to generate the corresponding affinity
distribution (AD) for each of the polymers using equation 2.5 in Chapter 2. Figures 5.4
show the binding isotherms fit with the FI equation and the corresponding affinity
distributions of the mixtures in log-log formats. The slope and the amplitude of the
binding isotherm and the AD for the mixture in the log-log format indicate heterogeneity
(ν) and binding ability (A) of the mixture. Looking at figure 5.4b, the AD for Mix 3
showed the largest amplitude of the AD due to the lowest value of ν (i.e., the most
heterogeneous binding sites) and the highest value of A (i.e., the greatest binding ability
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of the substrate). These trends are also shown in the binding isotherm for Mix 3 (figure
5.4a) by the most horizontal slope (i.e., the lowest value of ν) and the largest amplitude
(i.e., the highest value of A). Mix 1 and Mix 2 gave the same value of A, however, the
amplitude of the AD for Mix 1 is larger than that for Mix 2 due to the more
heterogeneous binding sites estimated in Mix 1(i.e., smaller ν).
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Figure 5.4. (a) Binding isotherms and (b) affinity distributions of (L)-boc-phe for Mix
1(z), Mix 2(), and Mix 3(S) in log-log formats.
B.

Number Average Association Constants

a.

Experimental Data
The ability of the AD analysis on each mixture to estimate the number average

association constant of its components was first investigated. The number average
association constants (Kn) of the mixture and each of the corresponding components were
calculated with the Freundlich parameters (Table 5.2), using equation 2.21 in chapter 2.
Table 5.3 compares Kn of each mixture and the average Kn value of the corresponding
components. Smaller values of Kn for each mixture versus the average Kn of the
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Table 5.3. The number average association constants (Kn) for the individual
components, the average Kn values of the components in each mixture and Kn estimated
from each mixture
Polymer
Ala-MR
Gly-MR
Lys-MR
Trp-MR
Val-MR
Tyr-MR
avg
Mix 1

Polymer
Kn (M-1)
47.5 ± 0.78 Ala-MR
61.9 ± 0.27 Aln-MR
67.5 ± 0.43 Cys-MR
60.6 ± 0.28 Glu-MR
42 ± 1.1
Ile-MR
37.9 ± 0.089 Met-MR
Phe-MR
53 ± 1.5
41.7 ± 0.22 Ser-MR
Thr-MR
avg
Mix 2

Kn (M-1)
47.5 ±0.78
51.1 ± 0.34
50.6 ± 0.25
41.7 ± 0.66
51.6 ± 0.51
49.5 ± 0.30
55.6 ± 0.21
55 ± 0.28
41.2 ± 0.57
49 ± 1.4
39.7 ± 0.56

Polymer
Kn (M-1)
Ala-MR 47.5 ± 0.78
Aln-MR 51.1 ± 0.34
Arg-MR 42.9 ± 0.72
Asp-MR
48 ± 0.23
Cys-MR 50.6 ± 0.25
Gln-MR 57.4 ± 0.52
Glu-MR 41.7 ± 0.66
Gly-MR 61.9 ± 0.27
His-MR
58 ± 0.23
Ile-MR
51.6 ± 0.51
Lys-MR 67.5 ± 0.43
Met-MR 49.5 ± 0.30
Phe-MR 55.6 ± 0.21
Pro-MR 56.2 ± 0.34
Ser-MR
55 ± 0.28
Thr-MR 41.2 ± 0.57
Trp-MR 60.6 ± 0.28
Val-MR
42 ±1.1
Tyr-MR 37.9 ± 0.089
51 ± 1.8
avg
42.5 ± 0.75
Mix 3

corresponding components were observed. This smaller Kn value of the mixture versus
average Kn is due to the over-extended range of K (i.e., 10-400 M-1) used to calculate Kn.
The values of Kmin (10 M-1) and Kmax (400 M-1) used to calculate Kn were experimentally
determined by the reciprocal of the maximum free concentration of the substrate
(1/Cf,max) and by the reciprocal of the minimum free concentration of the substrate
(1/Cf,min), respectively. For example, the Kn of Mix 1 calculated within the
experimentally determined range of K gave the value of 41.7 (20% error). On the other
hand, calculating the K n of Mix 1 within the range of K that exactly corresponds to Kmin
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(37.9 M-1) and Kmax (67.5 M-1) of the components in Mix 1 produced a value of Kn of 50
M-1 (6% error). In the screening process of the mixture, the range of association
constants of the components in the mixture is unknown. Thus, this affinity distribution
analysis can not quantitatively calculate the number average association constants of the
components in the mixture.
b.

Theoretical Models
Even though the average Kn of the components in the mixture can not be

quantitatively calculated, Kn values of different mixtures might be used to compare
average binding affinities of the corresponding components. To test this possibility, three
hypothetical mixtures (Mix) which have corresponding components with different range
of association constants were theoretically modeled. For the theoretical model, 11
components of a mixture were generated with the FI equation, which was used in this
study. This was done by arbitrarily varying the Freundlich parameters to obtain the
desired range of the number average association constants of the individual components.
The Freundlich parameters were then used to calculate the binding isotherm for each
component. Data points in the binding isotherm (i.e., Sb) for each component were
generated from the Freundlich parameters and were averaged to establish the binding
isotherm for the corresponding mixture. The established binding isotherm for the
mixture was then fit with the FI equation, and the Freundlich parameter obtained from
this fitting was used to calculate Kn. The common range of K (10-400 M-1) was used for
each mixture to calculate Kn.
Table 5.4 summarizes the results from the simulated data. The second row shows
the Kn values of components with range of association constants between 129.5 M- 1 and
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187.0 M-1; the fourth row shows the Kn values of components with range of association
constants between 108.0 M-1 and 111.3 M-1; sixth row shows the Kn values of components
with range of association constants between 53.5 M-1 and 77.2 M-1. The calculated Kn of
each mixture (Mix) showed the trend corresponding to the average association constants
of its components (Avg): the mixture with high affinity components (129.5-187.0 M-1)
gave the high Kn (151.6 M-1); the mixture with medium affinity components (108.0-111.3
M-1) gave the medium Kn (98.4 M-1); the mixture with low affinity components (53.577.2 M-1) gave the low Kn (62.0 M-1). Thus, this simulated data show that the Kn values
of the different mixtures can be used to compare the average association constants of the
components in the different mixtures.
Table 5.4. Comparison of Kn of different mixtures which have corresponding
components with different range of Kn
Entry
1
2
3
4
5
6
7
8
9
10
11
Avg
Mix
C.

Kn (M-1)
187.0
180.6
174.3
168.2
162.2
156.4
150.7
145.2
139.8
134.6
129.5
157.1
151.6

Entry
1
2
3
4
5
6
7
8
9
10
11
Avg
Mix

Kn (M-1)
111.3
111.0
110.7
110.3
110.0
109.7
109.3
109.0
108.7
108.4
108.0
109.7
98.4

Entry
1
2
3
4
5
6
7
8
9
10
11
Avg
Mix

Kn (M-1)
77.2
74.3
71.5
68.9
66.4
64.0
61.7
59.5
57.4
55.4
53.5
64.5
62.0

Heterogeneity Index
The ability of the heterogeneity index of each mixture to estimate the distribution

of association constants of its components was investigated. The heterogeneity of the
binding sites is indicated by the slope of the AD. The slope of the AD is the negative
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value of the heterogeneity index (ν) in the Freundlich parameters. A value of ν closer to
0.0 indicates more heterogeneous binding sites, and a value of ν closer to 1.0 indicates
more homogenous binding sites. More heterogeneous binding sites produce a more
horizontal slope in the AD, while more homogeneous binding sites produce a steeper
slope in the AD.
Figures 5.5 compares distribution of association constants of each component in a
mixture (shown as dots) and the heterogeneity index (ν) estimated from the AD for the
mixture (shown as solid line). Mix 1 has components of which association constants
were varied between 37.9-49.5 and 61.0-61.9 M-1. Mix 3 has components with
association constants varying from 37.9 M-1 to 61.9 M-1. The difference between Mix 1
and Mix 3 is that the components of Mix 1 did not have association constants between
50M-1 and 60 M-1. Thus, a slightly more heterogeneous affinity distribution for Mix 3
(0.88) was estimated from the AD than that which was estimated for Mix 1(0.90). On the
other hand, Mix 2 has the narrowest range of association constants of the components
(40-55 M -1). Thus, the most homogeneous affinity distribution was estimated for Mix 2
(0.95). Thus, these experimental results show that the distribution of the association
constants of the components can be estimated by calculating the heterogeneity index of
the corresponding mixture.
5.3

Conclusions and Future Work
This work has demonstrated that the AD analysis combined with FI binding

model for a mixture can characterize binding properties of its components by calculating
the number average association constant (Kn) and the heterogeneity index (ν) of the
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Figure 5.5. The heterogeneity index (ν) of the mixture and association constants of the
components for (a) Mix 1, (b) Mix 2, and (c) Mix 3. The solid line in each graph shows
the corresponding affinity distribution of each mixture in a log-log format.
library mixture. The Kn values of different mixtures can be used to compare average Kn
of the corresponding components. However, accurate estimation of the average Kn of the
components in the mixture is limited. Heterogeneity index (ν) of the library mixture can
be used to estimate distribution of association constants of its components. A mixture
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consisting of components with a narrow range of association constant gives a ν value
closer to 1.0. On the other hand, a mixture made up of components with a wide range of
association constants gives a value of ν less close to 1.0. Based on the feasibility of the
AD method to screen library mixtures for binding affinities, as demonstrated by this
study, the following possible future work can be envisioned: first, use of the AD method
to evaluate components with several orders of magnitude on the affinity scale; second,
extension of the AD method for mixtures in solution phase; third, extension of the AD
method for mixtures of immobilized enzymes on solid phase or in solution phase.
5.4

Experimental

Chemicals. A library of 19 N-α-Boc protected amino acids attached to Merrifield
resin was purchased from Novabiochem Co. Deprotection of N-α-Boc protected amino
acids was done using a well-established procedure:5.12 Each polymer was first washed
with MeOH and drained by filtration. To the washed and drained resin was added 30 mL
of 50% trifluoroacetic acid in methylene chloride and this was stirred for 30 min. The
resin was then washed twice for 1 min each with 30 mL of methylene chloride, methanol
and methylene chloride. Neutralization was done with two 5 min. reactions with 30 mol
of 10% triethylamine in methylene chloride. The resin was then washed twice with 30
mL of methylene chloride for 1 min each.
Batch Rebinding Studies. The following procedure was generally used for all
polymers to establish binding isotherms (bound (Sb) versus total (Ci) substrate
concentration) for batch rebinding studies unless otherwise stated. A stock solution of
(L)-Boc-phenyalanine was prepared in 4/1 (v/v) cyclohexane/ethyl acetate mixture. 4 mL
of diluted solution from the stock solution was added to 20 mg of polymers in a 20-mL
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scintillation vial. Two samples were made for each solution. The vials were shaken for
17 h and the aliquot of the mixture was taken out to determine the concentration of free
substrate (Cf) using a calibration curve established by UV spectroscopy (Spectro-Max
Plus). The concentration of bound substrate per gram of the polymer (Sb) was calculated
by subtracting the free concentration from the initial concentration of the substrate and
dividing by the amount of the polymer.
Curve Fitting. The Experimental binding isotherm (Sb versus Cf ) for each of the
polymers was fit to the Freundlich equation (equation 2.2) by non-linear regression using
the software program SigmaPlot 7.101. The best-fit values for A and ν were obtained by
varying these parameters one at a time, and finding the best fit by minimizing the sum-ofsquares (SS). The goodness of fit was validated by obtaining correlation constant values
(R2) in the range of 0.972 to 0.999. Standard deviation calculated using SigmaPlot 7.101
was reported as error in the fitting parameters (A and ν).
Calculation of Number Average Association Constant (Kn). To calculate the
number average association constant (Kn) of each polymer as well as each mixture, the
following equation was used (for the detailed derivation see chapter 2):
Kn=

1− v
1− v
− K min
)
v ( K max
−v
−v
1 − v ( K min − K max )

where ν is the Freundlich parameter, Kmin and Kmax are experimentally determined by the
reciprocal of the maximum free concentration (1/Cf,max) and the minimum free
concentration (1/Cf,min) of the substrate, respectively.
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The propagation of error was used to calculate standard deviation of the number average
association constant for each polymer as well as for each mixture. Mathematica 2.2
software was used to calculate the standard deviation.
Theoretical Model. For the theoretical model, 11 components of a mixture were
generated with the FI equation, which was used in this study. This was done by
arbitrarily varying the Freundlich parameters to obtain the desired range of the number
average association constants of the individual components. The Freundlich parameters
were then used to calculate the binding isotherm for each component. Data points in the
binding isotherm (i.e., Sb) for each component were generated from the Freundlich
parameters and were averaged to establish the binding isotherm for the corresponding
mixture. The established binding isotherm for the mixture was then fit with the FI
equation, and the Freundlich parameter obtained from this fitting was used to calculate
Kn. The common range of K (10-400 M-1) was used for each mixture to calculate Kn.
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APPENDIX A
BINDING PERFORMANCE OF POLYMERS IMPRINTED WITH 1,2DIAMINES

A.1

Introduction
Molecular imprinting utilizes interactions between a template and functional

monomer(s) in solution to create binding sites for the template in the resulting polymer.
Previous studies showed that increasing binding strength between the template and the
functional monomer(s) increased the binding affinity of the template for the imprinted
polymers in rebinding analysis. This result indicates that the structure of templatefunctional monomer complexes in the solution is one of the factors influencing binding
performance of the resulting polymers. Factors such as type and number of functional
groups on the template,A.1 template shape,A.2 and template conformationA.3-A.5 have been
shown to affect the binding performance of the imprinted polymers.
This study reports on the effects of spatial position of the template functional
groups on the binding performance of imprinted polymer. For that purpose, polymers
imprinted with (R)-1,1'-binapthyl-2,2'-diamine ((R)-BNDA) and (R,R)-1,2diphenylethylenediamine ((R,R)-DPDA) were prepared and the binding performance of
the polymers were compared by HPLC and batch rebinding. Additionally, covalent and
non-covalent approaches were utilized in an attempt to form more defined binding sites
for (R)-BNDA substrates. Covalent and non-covalent approach uses covalently bonded
template-functional monomer complexes in pre-polymerization mixtures and noncovalent interaction of the template to the resulting polymers in rebinding analysis.
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Covalently bonded template-functional monomer complexes have the advantage of stable
and exact stoichiometry, while non-covalent interaction in the rebinding analysis
provides fast equilibration of the binding sites and the substrate. This combination of
covalent and non-covalent approaches were shown to be effective to imprint a molecule
with single hydroxyl groups, which are hard to imprint by the non-covalent approach.A.6
The binding performance of the polymer prepared by the covalent and non-covalent
approaches were investigated by HPLC and batch rebinding. The enantiomeric ratio of
the supernatant in the batch rebinding mixture was also investigated using a chiral
shifting reagent in 1H NMR to investigate the enantioselectivity of the imprinted
polymers in an equilibrium state.
A.2

Results and Discussion
The binding performance of polymer imprinted with (R)-1,1'-binapthyl-2,2'-

diamine ((R)-BNDA) and (R,R)-1,2-diphenylethylenediamine ((R,R)-DPDA) was
compared. To prepare the polymers, 4 mole % of vinylbenzoic acid (functional
monomer) and 2 mole % of the template were dissolved in benzene (5mL). To the
mixture, divinylbenzene (crosslinking monomer) and AIBN (initiator) were added. The
mixture was then thermally polymerized overnight. Non-imprinted polymers were also
prepared using the same polymerization formulae without the templates.
A.2.1 Chromatographic Studies
The capacity factors (k') and enantiomer separation (α) were used to evaluate the
binding performance of each polymer by HPLC. Table A.1 shows the chromatographic
results from the column packed with (R)-BNDA imprinted polymer and corresponding
non-imprinted polymer. The (R)-BNDA imprinted polymer did not show any significant
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enantiomer separation, as indicated by α being close to 1.00. Furthermore, similar
capacity factors for (R)-BNDA (k’R) on the imprinted and the non-imprinted polymer
indicated that the imprinting effect was not present.
Table A.1. Chromatographic conditions, capacity factors (k'), and selectivity (α) for (R)
or (S)-BNDA on columns packed with (R)-BNDA imprinted polymers and the nonimprinted polymersa
MIPb
k'S
0.57
0.61

non-MIPb
k'S
0.57
0.60

Mobile phase
k'R
k'R
α
α
100 MeCN
0.60
1.04
0.57
1.00
99/1
0.62
1.02
0.60
1.00
MeCN/HoAC
95/5
0.60
0.58
1.03
0.60
0.60
1.00
MeCN/HoAC
a
Flow rate = 1mL/min, and injection was 5.0 µl of 1 mM solution of (R) or (S)-MBA, UV
detection at 260 nm. b MIP represents imprinted polymer, non-MIP represents
nonimprinted polymer.
According to the Le Chatlier’s principle (Chapter 2), increasing the amount of
functional monomer would be expected to increase pre-polymer complexes (PPC). As
the consequence of the increasing PPC concentration, the resulting polymers might show
improved binding performance. Based on the above assumption, the ratio of the
functional monomer to the template was increased by five times (i.e., 2/1 to 10/1
functional monomer/template) in the polymerization formulae. Simultaneous decreasing
of the amount of the crosslinker from 96% to 78 % would not be expected to seriously
affect the binding performance of the polymer. The reason is that the ratio of the amount
of the crosslinker to the functional monomer was still within the optimization limit of
4/1.A.7 The chromatographic results from the polymer imprinted with 10/1 functional
monomer/(R)-BNDA were then compared to those from the polymer imprinted with 2/1
functional monomer/(R)-BNDA (Table A.2). The chromatographic results showed that
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increasing the ratio of functional monomer to the template did not improve the binding
performance of the (R)-BNDA imprinted polymer. Significant enantiomer separation
was still not observed in the presence of 10/1 functional monomer/template.
Table A.2. Comparison of capacity factors (k'), and selectivity (α) for (R) or (S)-BNDA
on columns packed with (R)-BNDA imprinted polymers made at two different ratios of
functional monomer to the template
Mobile phase
k'R
0.60
0.62

Ratio of functional monomer to the template
2/1
10/1
k'S
k'R
k'S
α
0.57
1.04
0.66
0.63
0.61
1.02
0.68
0.64

α
1.05
1.06

100 MeCN
99/1
MeCN/HoAC
95/5
0.60
0.58
1.03
0.64
0.62
1.02
MeCN/HoAC
a
Flow rate = 1mL/min, and injection was 5.0 µl of 1 mM solution of (R) or (S)-MBA, UV
detection at 260 nm.
Contrary to the poor performance of the (R)-BNDA imprinted polymers,
chromatographic results from (R,R)-DPDA imprinted polymer showed that (R,R)-DPDA
imprinted polymer could separate the enantiomers and could bind the imprinted molecule
(i.e., (R,R)-DPDA) stronger than the non-imprinted polymer (Table A.3).
Table A.3. Capacity factors (k'), and selectivity (α) for (R,R) or (S,S)-DPDA on
columns packed with (R,R)-DPDA imprinted polymer and the non-imprinted polymera
Polymerb

k'R,R

k'S,S

α

MIP

4.22

3.20

1.32

non-MIP

0.08

0.08

1.00

a

Mobile phase = 95/5 MeCN/HoAc, Flow rate = 1mL/min, and injection was 5.0 µl of 1
mM solution of (R,R) or (S,S)-DPDA, UV detection at 260 nm. bMIP represents
imprinted polymer, non-MIP represents nonimprinted polymer.
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A.2.2 Batch Rebinding Studies
The binding performance of the polymers was investigated in equilibrium using
batch rebinding experiments. The results from the batch rebinding were graphed as Sb
(the amount of bound substrate per gram of the polymer) versus Cf (free concentration of
the substrate) to establish the binding isotherm. The binding isotherm of (R)- and (S)BNDA for the (R)-BNDA imprinted polymer showed that almost the same amount of
each enantiomer was bound to the (R)-BNDA imprinted polymer (Figure A.1(a)). This
result indicated that enantiomer selective binding sites were not formed within the (R)BNDA imprinted polymer, in agreement with the HPLC results (Table A.1). On the
contrary, a large amount of (R,R)-DPDA was bound to the (R,R)-DPDA imprinted
polymer in comparison to the amount of bound (S,S)-DPDA (Figure A.1(b)). This result
is in agreement with the HPLC results, which showed that enantiomer selective binding
sites were formed within the (R,R)-DPDA imprinted polymers.

300
200
100
0
0.0

b

40
Sb (µmol/g)

Sb (µmol/g)

60

a

400

0.6
1.2
Cf (mM)

20

0
0.0

1.8

0.2

0.4

0.6

Cf (mM)

Figure A.1. (a) Binding isotherms of (R)-BNDA (z) and (S)-BNDA () obtained for
the (R)-BNDA imprinted polymer and (b) binding isotherms of (R,R)-DPDA (z) and
(S,S)-DPDA () obtained for the (R,R)-DPDA imprinted polymer.
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Comparing the binding performance of (R)-BNDA and (R,R)-DPDA imprinted
polymers in kinetic and in equilibrium mode produced interesting result. Enantiomer
selective binding sites were not formed within the (R)-BNDA imprinted polymer. On the
other hand, (R,R)-DPDA imprinted polymers have enantiomer selective binding sites, as
shown by the high α value in HPLC studies and the higher amount of bound (R,R)DPDA than (S,S)-DPDA in batch rebinding experiments. Fukusaki et al.A.8 reported an
α value of 1.2 for a molecularly imprinted polymer with (R)-BNDA. The higher
enantiomer separation obtained for their system might be because the authors used
EGDMA as a crosslinker. A higher performance of the imprinted polymers when
EGDMA was used as a crosslinker versus DVB has been previously reported.A.9
Interestingly, Fukusaki and coworkers also reported improved enantiomer separation
(α=5.5) for the polymer when the function monomer was methacrylic acid (MAA) versus
vinylbenzoic acid (VBA). Their results and the result from this study indicate steric
hindrance of the interaction between the template and the functional monomer (VBA).
The interaction between (R)-BNDA and VBA seems to be more sterically hindered due
to the bulky aromatic group on VBA versus MAA. Similarly the poor performance of the
(R)-BNDA versus (R,R)-DPDA imprinted polymers might be due to two primary amines
of (R)-BNDA within close proximity pointing toward each other (Scheme A.1). On the
other hand, the two primary amines of the (R,R)-DPDA molecule have a flexible
conformation. This close proximity between the two functional groups of (R)-BNDA
might be the cause for the functional monomer not to distinguish between the two sites
and to interact with both as though they're one, resulting in the lack of enantiomer
separation seen for the (R)-BNDA imprinted polymers.
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NH2
NH2

HO
O

O

(b)
HO
NH2
NH2
OH
O

Scheme A.1. Pre-polymer complexes of (a) (R)-BNDA and (b) (R,R)-DPDA with
vinlybenzoic acid.
A.2.3 Covalent and Non-covalent approach for (R)-BNDA selective polymer
In the section A.2.2., incomplete complexation between the functional monomer
and (R)-BNDA due to close proximity between the two amines on (R)-BNDA was
suggested to explain the poor performance of the (R)-BNDA imprinted polymer by the
non-covalent approach. As a strategy for ensuring that each amine functional group on
(R)-BNDA interacts with one functional monomer, the covalent and non-covalent
approachesA.6,A.10-A.13 was used to make the polymer selective toward (R)-BNDA. As
illustrated in Scheme A.2., the covalent and non-covalent approaches used the covalent
template (1), which was hydrolyzed after polymerization to produce carboxylic acid
functional groups in binding sites. The carboxylic acid functional groups in the binding
sites can bind (R)-BNDA by non-covalent interaction.
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O
O
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1

Sn(ph)3OH

NH2
NH2

Scheme A.2. Preparation of (R)-BNDA imprinted polymers using the covalently bonded
template-functional monomer complex (1) and recognition of the (R)-BNDA substrates
by the non-covalent interaction.
To prepare the polymer, first (R)-hydrobenzoin was reacted with vinylbenzoic
acid to produce the covalent template (1 in Scheme A.2). Two mole % of the covalent
template was then added with divinylbenzene and AIBN in benzene. The mixture was
thermally polymerized at 60°C overnight. The polymer was ground and sieved in the
particle size range of 25 to 38 µm and the particles were subjected to the following
hydrolysis process: Triphenyltin hydroxide (Sn(Ph)3OH)A.12 was used to hydrolyze the
ester functional groups in the polymer. The imprinted polymer (100 mg) was suspended
in CHCl3 (4 mL), and a 2.5 molar equivalent amount of Sn(Ph)3OH was added into the
suspension under nitrogen at room temperature. The reaction mixture was then shaken
overnight. After the overnight reaction, the suspension was filtered and the polymer was
washed with CHCl3 and MeOH. The combined organic solution was evaporated to
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dryness to quantify the amount of released hydrobenzoin using 1H NMR, and the polymer
was washed with 0.5 N HCl in MeOH.
The amount of released hydrobenzoin by the hydrolysis was quantified using 1H
NMR with 2,5-Dimethylfuran (DMF)A.13 as an internal standard. The peak area for DMF
was calculated at δ 2.20 (6 H) and the peak area for hydrobenzoin was caculated at δ
7.45-7.57 (4 H). The peak area for DMF (A(DMF)) and hydrobenzoin
(A(hydrobenzoin)) were then divided by 6 and 4, respectively. The ratio of peak area
divided by the corresponding number of hydrogen was then multiplied by the
concentration of the DMF as shown in equation A.1. The amount of hydrolyzed
hydrobenzoin, using equation 6.1, was 0.001 mmol. Considering that the theoretical
amount of hydrobenzoin was 0.003 mmol, the splitting yield was about 30 %.

[hydrobenzoin] A(hydrogenzoin) / 4
=
[ DMF ]
A( DMF ) / 6

(A.1)

After the hydrolysis, the polymer was packed into a column to evaluate the
binding performance by HPLC. Five µl of 1 mM solution of (R)- or (S)-BNDA was
injected separately, using MeCN as a mobile phase. The capacity factor for (R)- or (S)BNDA was 0.68, which is slightly higher than the capacity factor on the non-covalent
imprinted polymer (0.66). However, enantiomer separation was not observed by HPLC
for the covalent and non-covalent (R)-BNDA imprinted polymers.
To determine whether the enantiomer separation could be obtained in
thermodynamic conditions, a chiral shift agent (R-1,1’-binaphthyl-2,2-dihydrogen
phosphate)A.14-A.15 (CSR) was used to estimate enantiomeric ratio in the supernatant of
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batch rebinding mixtures. First NMR spectra were recorded for the chemical shift of the
protons on each of the enantiomer and racemic mixtures at different ratios of (R)-BNDA
to (S)-BNDA substrate in the presence of CSR to determine the characteristic chemical
shift for each case. The amount of CSR was fixed at 0.5 molar ratio of CSR to the
BNDA substrates, and the concentration of the substrate was kept at 20 mM in CDCl3.
Chemical shifts are expressed in ppm downfield from tetramethylsilane as an internal
standard. The results summarized in Table 6.4 show that when equal amounts of (R)BNDA and (S)-BNDA were present, triplet splitting was observed at δ 7.004, 6.975, and
Table A.4. Chemical shift of each enantiomer and racemic mixture at different ratios of
(R)-BNDA to (S)-BNDA in the presence of CSR
Entry

Splitting

δppm

Racemic mixture without

Doublet

7.068

CSR
(R)-BNDA with CSR

7.058
Doublet

6.997
6.965

(S)-BNDA with CSR

Doublet

7.028
6.997

1/1 (R)/(S)-BNDA with

Triplet

CSR

7.004
6.975
6.945

5/1 (R)/(S)-BNDA with

Doublet

CSR
1/5 (R)/(S)-BNDA with

7.001
6.969

Doublet

CSR

7.027
6.997
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6.947 ppm. Double splitting at δ 7.001 and 6.969 was observed at a 5/1 molar ratio of
(R)-BNDA to (S)-BNDA. Double splitting at δ 7.027 and 6.997 was observed at a 1/5
molar ratio of (R)-BNDA to (S)-BNDA. Based on this information, the enantiomeric
ratio in the supernatant of batch rebinding mixtures was determined. First 0.05g of the
hydrolyzed polymer was stirred with a 5 mL solution of racemic mixture of BNDA (1/1
molar ratio of (R)-BNDA to (S)-BNDA) in CHCl3. After shaking the mixture for 48 h to
reach equilibrium, the polymers were filtered and the filtrate was evaporated to dryness
and dissolved with 0.5 molar ratio of CSR in CDCl3 with TMS and subjected to 1H
NMR. Doublet splitting at δ 7.03 and 7.01 was observed. The facts that triplet splitting
was not observed (even though the added susbstrate to the polymer was a 1/1 racemic
mixture) and the absence of the chemical shift around 6.97 indicate that the polymer
bound more strongly the (R)- BNDA substrate versus the (S)-BNDA substrate.
This result was further confirmed by a batch rebinding experiment. In the batch
rebinding, (R)-BNDA and (S)- BNDA substrates were separately added to 0.02 g of the
polymer in CHCl3. Triplicate samples were tested for each enantiomer. A total
concentration of 10 µmol of each enantiomer was added and the mixture was shaken for
48 h. The polymer was filtered and the free concentration of the substrate was
determined using UV at 285 nm. The amount of bound substrate was determined by
subtracting the amount of free substrate from the amount of total substrate added to the
polymer. The results showed that the amount of bound (R)-BNDA was 3.9±0.11 µmole,
and the amount of bound (S)-BNDA was 3.63±0.076 µmole, i.e., about 7% more of the
(R)-BNDA was bound to the covalently imprinted polymer.
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A.3

Conclusions
The results from this study suggested the difference in spatial positioning of the

amine functional groups on the templates might affect the binding performance of the
imprinted polymers. The polymer imprinted with (R)-1,1'-binapthyl-2,2'-diamine ((R)BNDA) did not show enantioselective binding to the template. On the other hand, the
polymer imprinted with (R,R)-1,2-diphenylethylenediamine ((R,R)-DPDA) showed
enantiomer selective binding to the imprinted molecule. As an explanation for the
results, the difference in spatial positioning of the amine functional groups on the
templates was suggested to affect the degree of complexation in solution which is a factor
in determining the binding performance of the resulting polymers.
In an attempt to improve binding performance on the (R)-BNDA imprinted
polymer, the covalent and non-covalent approach was adopted to make the polymer
selective for (R)-BNDA. Hydrolysis of the polymer was done to afford carboxylic acid
functional groups in the binding sites with a yield of 30%. HPLC studies showed that the
polymer did not separate the enantiomers. However, 1H NMR studies with a chiral
complexing reagent showed that the polymer bound a larger amount of (R)-BNDA
substrate than (S)-BNDA substrate. This result was also confirmed by batch rebinding
studies, which showed that about 7% more of the (R)-BNDA substrate was bound to the
polymer versus the (S)-BNDA.
A.4

Experimental

Polymer preparation. For the preparation of non-covalent imprinted polymers, 4 mol
% of vinylbenzoic acid as a functional monomer and 2 mol % of the template ((R)BNDA or (R,R)-DPDA) were dissolved in benzene (5 mL) (maximum solubility of the
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template in benzene was determined to be 2 mol %). For the preparation of covalent
imprinted polymer, 2 mol% of covalent template was dissolved in benzene (5 mL). To
this mixture, 96 mol % divinylbenzene, as a crosslinking monomer, and an initiator
(AIBN, 0.25 mmol) were added. This mixture was then purged with nitrogen gas and
thermally polymerized at 60°C overnight. Non-imprinted polymers without the template
were also made, using the same polymerization formulae. The polymers were ground by
a mortar and pestle and sized in methanol through 25-38µm sieves (VWR Scientific).
Particles in the 25-38µm size ranges were extracted for 10h in a Soxhlet apparatus with
methanol. Control polymers were similarly made and prepared.
Chromatographic Studies. The polymer particles in the range of 25 to 38 µm were
slurry-packed into a stainless steel column (150 mm × 4.6 mm i.d.) using a Beckman
110B solvent delivery system. HPLC analyses were performed isocratically at room
temperature. Substrates were prepared at the concentration of 1mM in the eluent and 5 µl
of solution was injected for analysis. Analyses were run at a flow rate of 1.0 ml/min with
detection at 260 nm. The void volume was determined using acetone. The separation
factors (α) were measured as the ratio of capacity factors k’L/k’D. The capacity factors
were determined by the relation k’=(tx-t0)/t0, where tv is the retention time of the
substrate, and t0 is the retention time of void marker (acetone).
Batch Rebinding Studies. The following procedure was used for all polymers to
establish binding isotherms (bound (Sb) versus free (Cf) substrate concentration) for batch
rebinding studies, unless otherwise stated. A stock solution of a template was prepared in
95/5 MeCN/HoAc. Five mL of diluted solution from the stock solution was added to 50
mg of polymers (25-38 µm size ranges) in a 20-mL scintillation vial. Three samples
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were made for each solution. The vials were shaken for 24 h and the polymers were
separated by filtration. The concentration of free substrate (Cf) was determined using a
calibration curve established by UV spectroscopy (Spectro-Max Plus). The concentration
of bound substrate per gram of the polymer (Sb) was calculated by subtracting the free
concentration from the initial concentration of the substrate and divided by the amount of
the polymer.
Synthesis of a covalent template. (R)-hydrobenzoin (g, mmol) was dissolved in
CHCl3 . To this solution vinylbenzoic acid (g, mmol) and DMAP(g, mmol) were added
at room temperature. After 5 min, DCC (g, mmol) was added and the reaction mixture
was stirred overnight. The DCU was filtered and the product was isolated by flash
chromatography using EtOAc/Hexane 80/20 to give a white powder with a yield of 10%.
1

H NMR (CDCl3, 250MHz): δ 7.0-8.5 (20H), 6.8 (2H), 5.6 (2H).
1

H NMR Spectroscopic Studies. R-1,1’-binaphthyl-2,2-bihydrogen phosphate was

used as an NMR chiral complexing agent. Spectra was recorded on a 250 MHZ
spectrometer using a racemic mixture, and different ratios of the amount of (R)-BNDA to
(S)-BND were used at a fixed 0.5 molar ratio of CSR to BNDA substrates in CDCl3. The
overall concentration of the substrates was kept at 20 mM in CDCl3. Chemical shifts are
expressed in ppm downfield from tetramethylsilane as an internal standard.
Hydrolysis of covalent template imprinted polymer. Triphenyltin hydroxide
(Sn(Ph)3OH) was used to hydrolyze the ester functional groups in the polymer. The
imprinted polymer (100 mg ) was suspended in CHCl3 (4 mL) and a 2.5 molar equivalent
amount of Sn(Ph)3OH was added into the suspension under nitrogen at room temperature.
The reaction mixture was then shaken overnight. After the overnight reaction, the
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suspension was filtered and the polymer was washed with CHCl3 and MeOH. The
combined organic solution was evaporated to dryness to quantify the amount of released
hydrobenzoin, using 1H NMR, and the polymer was washed with 0.5 N HCl in MeOH.
The amount of hydrobenzoin released by the hydrolysis was quantified, using 2,5Dimethylfuran (DMF) as an internal standard, by 1H NMR.
A.5
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APPENDIX B
SUPPLEMENTARY DATA FOR CHAPTERS
B.1
BINDING ISOTHERMS, AFFINITY DISTRIBUTIONS, AND POROSITY
DATA OF (S)-CNA AND (S)-NICOTINE MIPS IN CHAPTER 2.
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Figure B1. Binding isotherms for (c) Region I, (S)-CNA MIPs with 0%(
),
), 2%(
), 5%(
), and 10%(
) and binding isotherms for (d) Region
1%(
II (S)-CNA MIPs with 10%(
), 20%(
), 50%(
), and 100%(
) in loglog format. The symbols represent experimental data while the solid lines are their fits
calculated by Freundlich equation. The rebinding medium was MeCN/HoAc (96:4, v/v).
The amount of the polymer was 0.05 g. UV detected the free concentration of the
substrates for (S)-CNA at 280nm.
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Figure B2. Binding isotherms for (e) Region I, (S)-nicotine MIPs with 0%(
),
1%(
), 2%(
), 5%(
), and 10%(
) and binding isotherms for (f) Region
II (S)-nicotine MIPs with 10%(
), 20%(
), 50%(
), and 100%(
) in
log-log format. The symbols represent experimental data while the solid lines are their
fits calculated by Freundlich equation. The rebinding medium was MeCN/HoAc (95:5,
v/v). The amount of the polymer was 0.05 g. UV detected the free concentration of the
substrates for (S)-nicotine at 260nm.
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Figure B3. Affinity distributions for (c) Region I, (S)-CNA MIPs, with 0%(z), 1%(),
2%(▲), 5%({), and 10%( ) and Affinity distributions for (d) Region II (S)-CNA MIPs
with 10%(z), 20%(), 50%({), and 100%( ) in log-log format. Values for K was
approximated by choosing experimental determined values of free concentration of Ssubstrate (Cf = 1/K). Values for N were then calculated for each value of K using
equation 2.5
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Figure B4. Affinity distributions for (e) Region I, (S)-nicotine MIPs, with 0%(z),
1%(), 2%(▲), 5%({), and 10%( ) and Affinity distributions for (f) Region II (S)nicotine MIPs with 10%(z), 20%(), 50%({), and 100%( ) in log-log format. Values
for K was approximated by choosing experimental determined values of free
concentration of S-substrate (Cf = 1/K). Values for N were then calculated for each value
of K using equation 2.5.
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Figure B5. Graphs of (c) surface area (m2/g) and (d) pore volume (ml/g) versus percent
template for (S)-CNA MIPs.
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Figure B6. Graphs of (e) surface area (m2/g) and (f) pore volume (ml/g) versus percent
template for (S)-nicotine MIPs.
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B.2
ABBREVIATIONS AND STRUCTURES OF COMPOUNDS, BINDING
ISOTHERMS AND 1H NMR TITRATION CURVES OF THE SYSTMES USED
IN CHPATER 5
Table B1. Abbreviations and the structures for amino acid derivatives attached to the
Merrifield resin
H2N

R O
C
O CH2
H

Merrified Resin

(After THF/CH2Cl2 (1/1) deprotection and neutralization with 10% Et3N in CH2Cl2.)
Name

Structure
(R)

Lys-MR

Name

Structure(R)

Asn-MR

Name

Structure(R)

Val-MR

O

NH2

Arg-MR

Ser-MR

CH3

H3C

NH2

Ile-MR
OH

NH2

CH3
H3C

His-MR

Met-MR

Phe-MR
SMe

N

Ph

N

Pro-MR

Gln-MR

Glu-MR

O

COOH

Cys-MR

Tyr-MR

Asp-MR

SH

Ph

Thr-MR

OH

Gly-MR
H

OH

Trp-MR

COOH

NH2

N

Ala-MR
CH3
NH
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Figure B7. Binding isotherms of each amino acid derivative on the Merrified resin. The
straight line on each binding isotherm shows the fit to the Freundlich equation.
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Figure B7. Binding isotherms of each amino acid derivative on the Merrified resin. The
straight line on each binding isotherm shows the fit to the Freundlich equation.
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Figure B7. Binding isotherms of each amino acid derivative on the Merrified resin. The
straight line on each binding isotherm shows the fit to the Freundlich equation.
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APPENDIX C
H NMR and 13C NMR SPECTRA FOR COMPOUNDS

N
H

Figure C1. 1H NMR of Compound 2.1

Figure C2.

13

C NMR of Compound 2.1

159

N
H

Figure C3. 1H NMR of Compound 2.2

Figure C4.

13

C NMR of Compound 2.2
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Figure C5. 1H NMR of Compound 5.1

Figure C6.

13

C NMR of Compound 5.1
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